
UNCLASSIFIED

AD NUMBER

AD055903

NEW LIMITATION CHANGE

TO
Approved for public release, distribution
unlimited

FROM
Distribution authorized to U.S. Gov't.
agencies and their contractors;
Administrative/Operational Use; NOV 1954.
Other requests shall be referred to Wright
Air Development Center, Wright-Patterson
AFB, OH 45433.

AUTHORITY

AFWAL ltr, 17 Apr 1980

THIS PAGE IS UNCLASSIFIED



1:111iAv2 t0, 0..fL -.1, zupply, you arc refqu's;ted to return•. tu.u copy W-.BEN IT HAS SER-VED

. PUR-C ' -hai it may ixc made availableto other reques;ters. Your c.opc.,w•r. ,

I U

3 ii

YME1 WHE Fl' •:RNIETTOR OTHER DRAWM, SPECIFICATIONS OR OTHER DATA
-" •"0"'•_O 7 I ... IUR POSE OTHER THAN IN CONNECTION WI1TH A DE F7NrrELY RELATED

S*,tME.NT X1 ( ".tfREMENT OPERATION, THE U. S. GOVERNMENT THEREBY INCURS

f •;SPONSIBIL, I", LOR ANY r'RLIGATION WHATSOEVER; ANT' THE FACT THAT THE
,"i fRNMfZl'NT bU k AAVE FORM - -,&TED, FURNISHED, OR IN ANY WAY SUPPLIED THE

' P-, R&W- '1, : ( IFICATION.•.. OR OTHER DATA IS NOT TO 13E REGMM.DED BY
ICATION OR (-A'FERWISE .S IN AlY MANNER LICENSING TEE HOLDER OR ANY OTHER

OCRt ,. k TION, OR CONVEYING ANY IIGHTS OR.PEEMLSSION TO MANUOACTm Z

oft SELL ANI • 'ENTED INVENTIGA THAT7MAY IN ANY WAY BE RELATED T

D"UMENT SERVICE CENTER,
I1:' OTT BUILDING,_DAYTON, ,OI~~IIr

AN! AF



I '~ WADC TECHIACAL REPORT 55-430 Pt 3

FINAL REPORT

2.295 TUOUGH SEnFr1MB 1954

FLUIDS, LUBRICANTS, FUELS'AND
c a RMATED~i MATERLIlS

E. Erwin Klaus

Pennslvania S;Izte Unkremity'

1 ~NOVEMBER 1954

WBIGHT AIR DEVELOPMENT CENTER



Best
Available

Copy



f WADC TECHNICAL REPORT 55-30 PT 3

FINAL REPORT

) 0:T-,Sr- 19"_' THROUGH SEP-rEMBER 1954

SF - FLUIDS, LUBRICANTS,-FUELS AND
RELATED MATERIALS

E. ERVin KLAius
MERRELL R. FENSKE

PETROLIUxM RErImNNGm'LABORATORY

PENNSYLVANIA STATE UNIVERSITY

STATE CCLLEGE, PA.

NOVEMBER 1954

MATERIALS LABORATORY

CONTRACT No. AF33(038)18195

f-�r lW'iGHT AIR DEVELOPMENT CENTER

AIR RESEARGH AND DEVELOPMENT COMMANDII UNITED STATES AIR FORCE
WRIGHT-PATTERS3N AIR FORCE BASE, OHIO

I

I



I It
FORVW~ =i

This report v'as prepared by the Pennsylvania State University
under USAý Co.tract .. AF 33('38)-!8I,3. The contract was biit•ated
under Task 11. 73313 kionerly =,G No. 613-15, "Hydraulic Fluids and " -

Lubricants WK-1576) .and was ad nmnistered under the direction of the
Materials Laboratory, Directoralo of Research, Wright Air Development
Center, with Mr. R. W. Sneed acting as project engineer.

Research work for the Air Force on Fluids, Lubricants, Fuels
and Related Materials by this l"b--atory has been a contnuous project |
since March 1941. The work fr= March 1941 to July 1945 wasconducted
under National Defense Research Ccmnittee Contract OXsr408. Work fronm
July 1945 to October 1951 was conducted under Navy Contract WOrd 7959(B). 1
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;0*,~ABSIRACT

This report describes work carried out on a continuinE project
to develop improved fluids, lubricants, and fuels for use by the-Air
Force. The current report deals pri-arily with the development of highK t.emperature hydraulic fluid and jet engine lubricant and the sLudy of
dx-tiness characteristics of jet fuel-at elevated temperatures.

InTh hydraulic fluid development goal is a fluid-sui.table for
use et 700°F. for a limited time in a sealed hydraulic unit. The[ properties of high quality ex)uples of the folLowirg eh-mcal claz;ss
have been measured; silicores, silicate esters, diesters, pentaery-

thritol esters, silicone-ester blends, mineral oils, synthetic hydro-
carbons, polyglycol ethers, chlorinated aromatic hydroccrlons, and .ryl

- phosphates. The properties measured include: viscosities from 0° toSI- +700"F., thermal stab ilities from 500" to 750"F., oyi~dation- and corro-

- sion stability at 347 and 500"F., and opeem,-on in a hydraulic p-p
(vane type) at 500" to WIOF.

The jet engine gboant gal is a fluid wautable for use" ~for extendeu periods at 500* to 600*F. bulk oil1 temperature. Tme sz_.Ie

general chemical classes enierated for hydraulic fluids have been
included in the engine oil studies. Particular emphasis in the jet
engine oil studies has been placed on lubricity studies and severe
omidation and corrosion evaluations at 5COF.

Jet fuel dirtinezs has been studied from two basic approaches.
I An atteipt has been made tc remove the dirty components from a fuel by

physical separation techniques. Secondly, a laboratory method of
reproducing high teperature dirtiness in jet fuels is being studied.

Coupled witn the above programs, some miscellaneoas investi-
gations of hydraulic fluid and lubricant problm. have bee-i conducted
at the request of the Services. Ln addition, -.,iscosity standards,
experimental fluid and lubricant formulations, and reports prepared by

P this Laboratory have been distributed at the request of industry and
il the Services.

IpMULICATIONR I~i
This report has been reviewed and is approved.

I ~ FOR TIM C(MANDER:

H. R. k.hitmore

Technical Director
Materials laboratory
Directorate of Research

WADCTR55-30 Pt3
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HIGH T&4PEHATURE HYDRAULIC FLUID STUDIES. With respect to

on the actual measurnent of properties and the testing of the fluids -
at high temperatures, as opposed to the extrzpolation of fluid behavior

thi -rort Indicates the value of su~ch a prog.-am. That is, significant
•i =Ze--rez•_.es are shown to exist between' extr-apolited -.mines-'nd detemiez•pd

values in ttm_3 of properties such az; oxidation in4c•.rr-sion ztabilit7,
thermal s..ahility, Liubric.,ty level, and `v1 3cosity-t7ampea'-ture character-

;] "HBase stock components, as well as e finishedformulations,

studes. has: -3'esetedin wurent astudies e afi~nis e s, smlit
representing vatio- chemical cla~ses are bein evaluateain theseSstudies. Classe. -,ýo~esented in zurrent-etudies ii; silii~ones, s~i•l

cates, diesters, silicone-diester blendh, pentaerythritol esters, mineral
oils, synthetic hydrocarbons, polyglycol ethers, cibiaeaca~s
and aryl phosphates.

Low temperature limits have been raiaxed -for these studies.
Also, sose materials of construction are elininateddue to the igh-Stemperature operational requirtaents. This allows the reconsideration
of some materials eliminated at lower temperatures for reaaons such as
low temperature behavlorx metal corrosion, arn-drubxerxswellS.

Apparatus and"'a procedure for-the measurement of the viscosityof flulds and-lubbri-ants at .fempersata-es up td,700*F. "have been developed.

Operation of the vthoactner is no more diffIcult at temperatures in the
renge of 5001 to 7001F. than in a constant temperature bathl at 1OO'F. The
standard b viscosity-temperature Char h heed extended to include,
temperatures up to 700"F. and viscosity values doiin to 0.4 , a centi-R •stoke. Some experimental v~scosity values~arý glien. -These values poir.•

cut the deviation of theidctermined valuis frcn:theevalues extrapolated
from the tandard A viscobty-temperatue char.

"it is Indicated that high temperature hydraulic systis will
be sý .- cd or pressurised units. This tends to shift the pr cary =phasis
In fluid eraluation frm on•-idation stability to therml stability. Wo
tv-s of h. I ff perature. thermal stability:wvaluations are discussed.
In one case, decesposition products can esmape throvah a liquid seal.
In the second case, all decciposition products are confined-in a stain-
less steel pressure cylinder. This shif in primary emphasis from oxida-
tion to thermal stability is shown to cause a charge in the relative
positions of the various compounds. Data are presented indicating that
a decrease in thermal stability can result from the inclusion of certainiiein a finished-formulation.

It is indicated that 700'F. hydraulic systemi mcy have to be
designed on the basis of greater inflarmability hazards because of the
presence of smal amounts 6Z decomposition products in the system. The

i !I
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relative positions of the various classos of compounds 
1

' sted above, in
terms of thermal stability, are shown.

Ccnventional hydra ulic fluids make use of polyvmeric thickeners •

to achieve good viscosity-temperature characteristics. Data are presentedto indicate that none of the conventional polymeric thickeners is thermally

stable kt these higher temperatures. pn

hslatively mild oxidation and corrosion tests at 5001F. have
ýn conducte' to-show-the effect of air leakage-into a closed hydraulic i
system. Ess,.,t vally all of the co=positions tested show a capacity to
assimilate m oxgen without serious deteriorAti'-n r

Trace dirtiness caused by the use of phenothiazine as an oxida-.
tion inhibitor in dibasic acid ester compositions has been studied. The
effect of tricresyl phosphate on the thermal, oxidation, and corrosion
stab'ity of ester-base ccmpositions has been measured.

A program to study the effect of oil deterioration on the
operation of close clearance slide valves ii hydraulic systems is des- J
cribed. Trace dirtiness occurring within the stable life of an ester
fluid appear- to cause no appreciable change in slide valve friction.:1 ~Relatively zevere ox~idatioka of the eater at 5OO-F. causes a lar-ge f
increase in slide valve friction. The friction increase is attributed
to the formation of a hard lacquer-like deposit.

The interrelation of copper-beryltium alloy and-the-oxidation 1
and corrosion deterioration of several fluids aid.luh•icants is shown.
Copper-beryflium appears to have some effect on the oxidation stability
of fluids and lubricants. This effect appears to be intermediate between
that shown by metals such as copper and bronze and that exerted by metals
such as steel and aluminum. The cop~pe.•-berylllt.m alloy does'not appear

to be affected adversely by the test fluids studied.

A mock-up hydraulic system has been cons~rvcted for operationat temperatures up to 600"F. A Vickers model VT4-IOO-40-75-10 vane pump,
designed for automotive hydraulic steering units, has been found to give
satisfactory operation at temperatures up to 600-F. with a mineral oil
fluid. The design of the pump minimizes the problems ofnmechanical

failure and allows fluid testing to go forward without a multiplicity of
mechanical problems. A fluidized -solids bed type of heat exchanger has
been used successfully to supply heat to the test fluid cycle without
local c-.rheating of the fluid. Observations at 500*F. have been made
concerning lubricity, robber compatibility, oxidative and thermal eta-
bility, and shear behavior of the lubricant. In adaLtion to the weight
loss sustained by the vanes, two other methods for the evaluation of
lubricity of the test fluiI have evolved. In the case of rather severe
wear, colloidal metal particles appear in the fluid stream. Secondly,
the critical wearing areas on the valve plate and the cam ring have been
evaluated !or surface roug.ness with a Brush Development Co. surface
analyzer. The relative behavior of various fluids proposed for use as
high temperature lubricants is discussed. In general, the mineral oils,
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esters, and polyglycol ethers show aequte lubricity while the silicates
and a silicone-ester blend (SD-17) show poor lubricity at 50A*F. in this •
vane pump. All of the fluids evaluated showed adequate stability for four V
hours at 550*F. maximum oil temperature in this hydraulic system which ia
open to the atmiosphere.

A survey report, PRL 6.3-Dec53 entitled "Some Properties-ofzSpec. I-i
t_1-O-5606 Hydraulic Fluid at Elevated Temperatures" has been issued' - Hightem-p.riture~stability properties of-Spec. MLL-0-5606 are emphasized.' Ieport-

PRL 6.3-Dec53 is attached to this report as Appendix A.

I • H:C; T O'ItNtlVUU JET MNGMIE OIL STUDIES. Much of the data
Sotta:ed In the studies with high te.-perature hydraulic fluid ales findsr appl-icarion in the-work carried out on high temperature jet engine oils.

IL Howiever, the jet engine oil requirements are somevbat more severe in that
low temperature requirements are retained, more active metals of construc-
tion are present, and, because the systems are not readily sealed, oxida-Stion stability is of major importance. Fluid lubricity is also amajor
requirement of jet engine oil. The classes of chemicals being surveyed
as high temperature jet engine oils include, as in the case of the hydraulic
fluid survey, the'follewing: silicones, silicate esters, diesters, pentcery-
thritol esters, monoesters, mineral oils, synthetic hydrocarbons, poyv-
giycol ethers, chlorinated hydrocarbons, and aryl phosphates.

The evaluation of some additional materials for use as lubricity
additives in improved lubricants is described. A series of compounds

• •containing an acid hydrogen along with other~elements, such as-chlorine
or sulfur which are present in some conventioial extreme-pressure addi-
tives, have been studied as additives in-ester- and mbneral oilzbase
fluids. In general, these mazerials are not competitive with the alkyl
acid phosphites on the basis of solubility, lubricity i=provement, and
metal corrosion under the conditions of the Spec. MIL-L-780W oxidationand corrosion test. ]

Ii L The study of the effect of storagi time on neutralizationtnumber increase and lubricity of Spec. MIL-L-7805 type fluids wontain-
ing alkyl acid phssphite additives is discussed. Alkyl acid phosphites
made from secondary alcohols give the best storage stability in terms
of neutralization number increase. All of the alkyl acid phosphites showincreased lubricity after storage in finished blends or neat.

Wear 'behavior in the Shell. four-ball wear tester with M-10tool steel and heat stabilized 52-10D steel bearing surfaces is compared

to that shown by the conventional 52-1ISO B.P. type bearing surfaces.

Some preliminary' work has been carried out in the Shell four-
ball wear teeter 'with titanium and titanium alloy test specimens. Hard-
ness values for the various titanium and titanium alloys are given.
Indications are that titanium-on-titanium bearing surfaces are extremely
difficult to lubricate even at low loads. The majority of the tests have
been conducted using a bteel-on-titanium or titanium alloy bearing system.
Phosphorus-contaihifig addItives are not particularly effective for lubri-
cation of these bearing surfaces. It appears that a chemically erosive
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additive it required to L"-; the rotating steel ball free of titanitum
pick-up fS a the stationary balls. It would appear that steel-on.
titanim••- baring 'oads might be at least as restrictive as steel-on-

-bronze bearing 'leads.

A rather extensi:e study of the phenomenon of' "trice dirti,-
ness" 5n lubricints cos.e-ainigr an amine type oxidaticn irlhilitor, such
as pheno.hiazine, is described. Studies to deteriine the affect of
varying cokceitrations of phenothlazine on the-6xidative characteristics
o: lubricants at test temperatures of-347", 400", and 500"F. have been
6arriea cu!. hne emphasis in this study has been directed towazd deter-
mining• what -rcr-ifice iL, r-roperties ma resutlt frM• obtai/d/ug J--¢eass£ .
fluid stable ifse by increasing phenothiazine concentration. Th;; data

obtained indicate, in general, that it is dcsilibleýto obtain as much
inherent stability as pýasible by estei and bulk fluid constituent
refinn so that the concentration of,phenothiazine ray beý held to a

The evaluation of fluids with respect to oxidative behavior

at 500?F. has been extended to include complete hydraulic fluid and
lubricant formulations. The effect of phosphorus-containifg-lubricity'
additives on complete lubricant formulations has been emphnsized in
these studies. The presence of-Acryloid polymer in the-fir•phed fluid
has no effect on the oxidative deterioration of the-fluid. All of the
phosphorus-containing ester fluids- cvr'ated at 500"F. in ani actelerated
e-xidattion test show-increascd slidging tc?.-ncies. - - '

The use of hindered phenol-dialkyl acid-phosphite additive
combinations has been studied in-mineral oil. The dialkyl acid phos- |
phite has -been shown previously to have a synergistic effect on oxide-
tion stability of various dibasic acid esters. The dialkyl acid phos-
phite shows a synergistic-effect on the oxidation stability of naphthenic
mineral oils containing hindered phenol oiddaticn inhibitors. As the ] I -

molecular weight range, or the viscosity level, of the naphthenic-type
mineral ol1 increases, the effect of the hindered poenol iialol acidai
phosphite onhibitor cnor ination, as of I as other conventional oxidatidn
inhibitors. diminishts. With a well refined naphthenic mineral oil of
about 10 centistokes at 1CO0F., the oxidation and corrosion requirements U

of Spec. MIL--7808 can essentially be met with an inhibitor comprising
-0.5 weight per cent of a dialkyl acid phosphite and a hindered.phenol. Tll

"-1 rTe study of the effect of storage on =cIdation'-and corrosion
stability of Spec. Mfl-L-7808 ester type lubricants con•t-ainirg pheno-
thdazlie and dialkyl acid phosphite additives has been cbntinued.

-I Oxidation and corrosion studies at 500*F. have been continued.
-mphasis-is placed on relative oxidation rate and the amount of deter-
ioration noted for a given amount of oxygen assimilated. There is
essentially no induction period or stable life-at 500"F. Aroclor 1248,
two ceomercial silicate formulations, sose polybutenesoils, and several
pure hydrocarbons have been evaluated under varyingxdegrees of severity.
These data supplement the resi..ts of similax-evaluations of various
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fluids discussed in report PRL 5.8-Sep53. Aroclor 1248 and methyl pnenyl
silicones-both show outstanding oxidation resistance at 500°F. The
remaining classes of fluids listed pre'iously for hydraulic fluid and
jet engine oil studies fall in the same ,general area with respect to
relatively severe oxidation. These materials do, however, show a
capacity for the assimilation of substantial-amounts of oxygen with
weat would appear to be tolerable property changes for jet engine use.
Further work in high temperature oxidation and corrosion testing is
being directed toward ways by which the capacity for oxygen ai-i-I--Ilk -tion pzay be utilired in a lubricant system to best advantage.

Tue eff ---t of phosphorus-containing !,nbrickty- add.$i-c- onthe ther-al stability of Spec. MlrL,-780S type compositiorn has been

studi d. Tricresyl phosphate as well as the al!_yl acid phosphites and
posphates appear to have some adverse effect-on the thermal stability
of dibasic acid esters at 500?F. and above.

Several esters of monobasic acids and primary alcohols have
been evaluated as base stock materials. These are compared-ir this
report with some of tee,more common dibasic acid esters.

St•ve.-s experimental fluids containing phosphorus-type anti-wear additives'have 6-eni Prepared for evaluation in the Ryder gear2 tester and the panel coking test.

JET FUEL DITESSM. A study of jet fuel dirtiniss has been
H. undertaken. Both existent and potential values for gun and dirtiness

are included in this study. This problem is beir% studied from two
rep-rate approaches. An attempt is being made to remove the dirty

p ccnponents from the-fuel by means of physical separation. Seco naz-y,
laboratory methods of achieving high temperature dirtiness with actual
jet fuels, as well as pure hydrocarbons, is bong studied.

For-the first phase of this program, JP-4 referee fuelobtained from the Baltimore Re'inery of the Esso Standard 011 Company

has been used. This fuel exhibits borderline dirtiness. Tbis JP-4I. Preferee fuel has been subjected to physical separation processes including
I Ifractional distillation, liquid extraction with a liquid a•mdnia-methyl-

amine solvent, and silica gel absorption in an attempt to study the
dirtiness characteristics of concentrations of the various classes of
hydrocarbons present-in the fuel.

For the second-phase of this program, particular emphasis
has been placed on the tz. ency to form gum and insolubles when subjected
to accelerated oxidatibn o~r ageing tests. Preliminary results indicate
that the solution to the problems as to how and why gun and insolubles
form on storage is extremely complex. In generrL, the degree of dirti-
ness noted with thir. JP-4 referee fuel and its various fractions cannotbe reproduced with Jimple pure hydrocarbons Li the JF-4 boiling range, or
mixtures of these pure hydrocarbons prepared to simulate the composition
of JP-4 by hydrocarbon classes. The aromatic-rich fractions f ZF-4
show the highest overall g= forming tendencies, thile the more paraffinic

"" * WADC TR 55-30 Pt 3 xxv -

.!



i + i
fractions show a higher proportion of insolubles in the total gum. i

The effect of oxidation inhibitors, dispersants, and oxygenated 1
solvents on JP-_4 referee fuel fractions has been studied. The use of 5
ocygenated solvents is the best of these three approaches in reducingI tsolutle gu= formation under severe oxidation conditions. [I,1

3imple distiflztion and silica gel adsorption appear to be

effective in removing existent gun from this JP-i referee fuel. The

data •i.•lar .hat gun may consdst of high molecular weight -products [ I
resulting from ox.datin of the vriginal hydrocarbons foflOved by p-olyeri-
zation dr cond insation.

A test unit to simulate the thermal history of jet fuel flow

"-!- |from the tank, through the heat exchanger, to the burner-nozzle has been

rate and system pressure through a heater, a porous metal filter, and a

cooler, in that order. The rate of pressure drop increase across the

filter is taken as an indication of fuel dirtiness. Preliminary tests

indiset that this tester is capable of differentiating between fuels

of different dirtiness caracteristics. Some redesign of the ,uit appears Jj

desirable to facilitate cleaning of the metal surfaces between tests. -

NSCELLANEWS STUDI&. Development work on a thin film pro-

servative fluid for hydraulic equipment has been •udertaken for the Navy i

Bureau of Ordnance under Supplementall greement S4(53-1095) of Contract

AyP3(038)18193. Preliminary studies are concerned with the development

of a plasticized polymer film containing an effective rust preventive.

SThe primary method used to measure the rust protection is thin h.iddit~y

Z£ cabinet type of rust test. Studies have been made with Acryloid and

bPolybutene polymeric materials, with dibasic acia esters and minera oil

as plasticizers, and with calcium petroleun sulfonate, barium petroleum

sulfonate, and alkyl acid phosphate and phcx.,;Ate rust preventive addi- - I -

tives. The effect of film viscosity and solvent concentration on film Ji

thicknesw has been measured. A quantitative method of evaluating the

amount. of rusting on the test strip is described.- The-AmbInc Aire
humidity cabinet has been calibrated with fluids of knowno-io st preven-

tive characteristics.

Several used Spec.- IL-lI6387 hydraulic fluid samples have

been inspected. Except for an expected viscosity decrease due to the

shear severity of the alternator drive, there appears to be very little

change in fluid characteristics. An engine time of 465 hoqurs was

indicated for one of the samples.

Shear stability reference polymer HFS-4 has been evaluated and

found to be acceptable for use in Spec. MIL-P-5602 shear stability
reference fluid.

This laboratory has cooperated with the Section B, Research

Division VII, ASh Committee D-2 in the evaluation of the permanent vis- I
cosity loss due to shear of two non-Newtonian test oils. The data

obtained is discussed and compared to similar results obtaLned !ith Spec.
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I MIL-h-566 hydraulic fluid and Spec. RIL-F-5602 shear stability refL•-re•ce
fluid.

ew This Laboratory has supplied five gallons each of two non-
!. ' Newtor•an fluids (polyer-containinrg fluids) and one Newtonian mineral

oil to Prof. 2. B. .dois of Corell University for testing in a journal
b-Aring rig. These tests were conducted under an NACA contract. TheS• • usb-i samples frc= this te-s program save been evaluated by t.his laboratory.

Ther6 is no evidence of permanent virr -itY a•---ase due to shear in these
97 sanp es. The data from the jouaral tearing rig show that the non-Newtonian
] !fluid-- gx':e a =nh'antially lower friction value than a Newtonian fluid ofthe Sae viscosixa Athout causing an a;-rreciabie reduc~lo. in f-'11 thick-

"IF - ness of the lubricant in the j°urnal bearing.

Ten four-ounce samples of PUL k815, the low temperature viscosity
standard, has been distributed during this period.

T hihrteen samples of fluids arnd lubricants have been formulated
by this Laborato,:y and distributed-to the Xaterlals Laboratoryoand Service

contractors as requested.

Copies of several reports have been distributed to industrialI organizations at the request of the Wright Air Developoent Center.

Ii= -. tIxi
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I riR 195.3 '11MJOUGH 30 SE•,M1954.

ON
CONIRACT AF33f038)18193

IiiINTRDUCTION
This report c-prices a sx=ary of the work whilth has beem

carried ott unAIer S.,.tract PY3(038-18193 for the year of I &otoberl953
• throu 3( September i954. This is the third yearly report on thisS[acontract. Studies and investigations contemplated for the future are• ~also outline,'.

A series of conferences were held at the-Wriht-Patterson
Air Force Base on Fay 13 and 14 between Drs. Fenske and Klaus of

1 this Laboratory and representatives of theFaterials Labortory,
rower-Plant Laboratories, Aircraft Labcratories and 2eapons Systems

lbratory. The purpose of these conferences was to :define hetter
the high temperature problems currently being enouwntered, as well
as thoss predicted for the future i n.U•d -lic fluids, -engine lubri-
cants, and jet fuels. One of thý- purpcses of 4hese conferences was
to formalize the direction of research and developsent-efforts under
Contract AF33(038)18193 toward current and future-high- temperature
proble=s. It was indicated that future work on.thiz contract should
be focused on the follcwing three it-ms. These items are lised is

F order of decreasing priority or urgency insofar as manpower is limit-ing. They ac•l important, and th emp-asis ic subject to change.It was decided, as a result of these discussions, that- future quarterly

"I and yearly reports would be i.ritten in three separate sections to cover
these three major items. This procedure has been followed in quarterly
report PR.L 5.l!-Jun54 and in this yearly report.

(1) The development of a hydraulic fluid for us at
tures as high as 7001F. is desired. This type of hydraulic rluid wcild
be used in closed hydraulic systems from ihich oxygen can be excludei.
Thus, the thermal stability and the effects of small quantities of

eoxyge are more important properties than severe oxidation in the
presence of large quantities of air or oxygen. The desired life of
the fluid at 700*F. is of the order of 5 to 10 hours. It is important
that the. hydraulic fluid supply adequate lubricity for pump operation
and adequate viscosity to control volu-etric efficiency and leakage
at high temperaturer.

(2) The development of a Jet engine lubricant for operation
in engines having bulk oil temperatures of 500* to .600*F. is desired.In these systems, bearings may be as hot as 750*?. This problem bears

=any similarities to the develotnent of the 7001Y. hydraulic fluid.
The major differences are the increased avaiiLability of air, increased
lubricity demands, and increased operational life in the case of the
jet c.gine oil, If the desired properties can not bd achieved _n their
entirety, the factor to be gained in useful life of the engine by

4 D -0
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ill mechanical improvements such as seals and segaented (Al reservoirs will.
be explored from the point of view of the oil.

(3) A further study of jet fuel dirtiness is desired. Partic- t

ular emphasis in this study is beirg placed on the formation of high
tempera.ure dirtiness or insolubles in the fuel. This type of dirtiness .
is being ýncountared in oil-fuel heat e=changers and in nozzles, of the
jet engines burning this preheated fuel.

ZI-eae thrce• il• i be emphasized in future wor" and
"- reports. A iu %idemental 37,udy of high temperature properties of

bydraulic friwds, lubricants, and their components has been under way
at this Laboratory for several years. Now that specific goals have

been set up, these earlier studies will serve as valuable background
on which to base more specifia investigations. It is recognized that
all of the requirements, or property limits, indicated to be desirable
for a 7OODF. hydraulic fluid or 1600F. jet engine lubricant =ay not be .1I
readily obtained. That is, there may be several fluids ihich meet themajority of the requirements of the hydraulic fluid and/or lubricant,

but may fail other requirements. The requirements failed by the various
fluids will probably not be the same. Therefore, it is planned to evalu-
ate thoroughly all compositions that show promise as-bigh temperature
fluids and lubricants to determine not only whether-they-meet-the-1 specific requirements set forth but also to determine by- what margin.

- these fluids pass or fail all the various requirements. Since not al'
of the systems into uhich these high temperature-fluids will go have
been successfully built as yet, these data should prove helpful to

r desigWnrs and ca.-.e.....- in-thel- pre•ent and future work.

Work on JP-4 jet fuel dirtiness has been started witlin the
last nine months by this Laboratory. This work winl be continued along
the lines discussed in this report. i.E

- e .q
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~~ It .i. HIGH TM~PI2RAThREE HYDRAULIC FLUID STUIFS i

II A. GENERAL. The current need for a hydraulic fluid sultable
-f.,r use at 500* to 550*F., and the need in the near future for a 700*F.

hydzculic, fluid have beer emphasized in recent discussions with the
Mater=Als Laboratory of the Wright Air Development Center. Pr isary
emphasis in tlb- current program at this Laboratory under Contract

O338)1(XO - -, the study of f-uids suitable for use as both 500*
and 100"F. " 4-uids. Emphasis has been placed on the actual
.tosting o: _ ýluida _', 5D0" and 700"F. as opposed to obtaining
extrapolated 'aloes from determinations at lower temperatures.

rl ibis emphasis is dictated primrl on the basis of the

exploratory- studies conducted in the temperature range of 4000 to
750-F. with various fluid and lubricant components over the past
two years. For example, studies at 347F. have shown as high asIi a 20 fold increase in the oxidation stable life of a diester-base
fluid over a conventional mineral oil fluid. Tests at 50*F. with

Sthe sae fluids indicate that the difference in oxidation stability
isa-less than two fold. Si-ilarly, it has been found that materials
showing the.,best oxidation stability at high te=peratures do not

necessarily' show the best thermal stability.I ~-'On the basis of-thesepretllinary data, it appears that a
detailed evaluation ofl several classes of fluids- and lubricants showing

!j p some promise at high-te=peratures may be profitable. These materials
TI_ will be complete.y evaluated to determine by ihat margin the fluids

pass or fail the desired requirements. 'These data may be of use in
the companion development of high temperature hydraulic system co-

_ ponents.

A number of complete fluid compositions as well as several
II classes of base stock components have been chosen for this study.

"These fluids are listed below:

1. Silicone (metbylphenyl silicone and a special General
Electric silicone with improved lubricity)

2. Silicate fluids (MI0 820D from Cronite Chemical Co.
and O.S. 45 from Fonsanto Chemical Co.

3. Silicone-diester fluid SD-17 developed by the N.A.C.A.
4. Mesters (di-24thylheyvl sebacate)

5. Pentaerythritol esters (Hercoflex 60D from Hercules

6. Mincral Oils (well refined naphthenic neutral fractions
or low Pour- point)

7. Synthetic hydrocarbons (Polybotenes from Standard Oil
Co. of Indiana)

8. Polyglycol ethers (Ucons from Carbide and Carbon Chemical
Compa.Y.

9. krochlor 1248 (chlorinated biphenyl)
10. Tricresyl phosphate.
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(500, to 7000F.). The properties of these compositions have been fairly

t rthese pr aterties will be en aluated forths high temperature beavpior -

well defined at lower temperatures. it should be emphasized that the low
temperature properties have been relaxed for these high temperature appli- '
cations. That is, 0* to 301F. are the lower temperature limits considered
instead of -65" to -40F. In adaition, the elevated temperature tends to
eliminate from consideration rubber and certain active metals as materials
of ccnstr-.eýion. Thus, materials eliminated from consideration as bydrau- I I
- "c fluids fo," reasons of low temperature fluidity, metal zorrosion,
rubber seell , etc. will be reconsidered in these high temperature H
evaluationc.

co B. HIGH T•-•FPSAIE "ISCOSZTY MIASMD T. The actual vis-
cosity of fluids at 500* tc 7OO'F. is important for mechanical design
considerations. For example, the volumetric efficiency of pumps,
hydraulic pistons, ard slide valves, system leakage, and the bydro-
dynamic component of lubricity are properties that are directly related
to tire actnal viscosity at elevated temperatures. Viscosities have,
therefore, been determined at approximately 5C00 and 700*:. for somme of"the fluids discussed previously. A constant temoerature vapor bath has'1 been constructed for determining viscosities experimentally at tempera-
tures in týe- range of 300* to 700"F.

aesonThe construction details of this constant temperature bath
are on Figure 1. The constant te~eratre bath comprises a

100O ml. Erlerneyer flask fitted with a cork to support a conventionsl

modified Ostwald viscccmetr. A constant boiling liquid is placed in TIthe flask and the vapors constantly bathe the viscmeter. The cork

is also fitted with an air condenser to return the condensed vapor to

the flask, and a thermocouple to measure the vapor temperature in closeproximity to the viscaaeter. The beat source for the Erle=--eyer flask I
comprises a shallow molten metal bath partially filled with Cerrobase
alloy (257F. melting point). The bath is heated by a 750 watt heater

clamped directly onto the botto= of the molten metal bath. Current
to the heater is cor.trolled manrally through a Variac. The entire
molten metal '.,th and Erlerneyer flask are insulated with 2 inches
of asbestos sheet.. The actual te=mcrature of the vapor bath is con-

trolled by the boiling point of the liquid used. The two materials
used to obtain approximately 500" and 7COF. are biphenyl (490"P. b.p.)
and meta terephenyl (707"F. b.p.).

As indicated, the bath is designed to accc~modate one via-
conm8ter. Operation of the ~iscometer is no more difficult at 5C00 and
700"F. than in a constant te=perature bath at 100"F. Many of the fluids
evaluated show viscosity variation with time at these elevated tempera-
tures. These variations are due to the zhe-zmal instability of the fluid

and not to any inherent temperature control problems in operating the
bath.

Viscosity determinations cn various high temperature fluids
are shown on Table 1. These data show that most of the 5OO'F. and I
essentially all of the 7001F. viscosity va-lues fall below the value
predicted by extrapolating lover temperature viscosity values with
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thc Conventional ASI2 viscosity-temperature c1. .. In additior, about I
half of the materials evaluated at 500°F. and essintially all those
evaluated at 700jF. show greater than one per cent viscosity change
uscs standing in the viscosity bath for 30 minutes at the test tempera-
ture. This prrblem of viscosity change is due to thermal deterioration
of the fluid, or to volatility losses of =aIl quantities of light ends.
Thbre are no indications of manipulative difficulties with the constant
temp•rature výapor bath.

The extr-apolated values for viscosities were deteninsled from
---Tle: Determination of A.S.T.M. Slope and Prediction c: Viscosities-
by L. T. &I zf the -- a.adaxrd Oil Development- Co. This laboratory has
tiso extene~ed the standard A.S.T.M. viscosity-tAemperature chart to
include tUperatures up to 700*F. and viscosity values dosi to 0.4 Cent!-
stokes. The experimental curves for several of the fluids are illu-
strated on Figures 2 and 3 fram the data r1ver. on Table 1. The lower
experimental viscosity than the predicted viscosity effectively increases
the ASMH slope for the fluid. This effect is illustrated in the follow-
ing tabulation.

AM Slope for the Inte-rval

TesFl0(-- 0o--(100-
Test Fluid 2101F.) 4901F.) 707"F.)-

Methylpherl Silicone (PRL 3358) 0.346 0.388 0."8Srethylpheil 0.- 0.H 375
.Snecial i'!cone G.E. (PEt 3475) 0.315 0.344 0.373

Di-2-Ethylhe37l Sebacate 0.702 0.745 -
Hercoflex 600 (pentaerythritol ester) 0.717 0.775 0.857
humble Pale D ýLineral oil, Coastal tYPe) 0.815 0.815 0.848

"The material giving the least deviation from the predicted vis-
"cosity at 700*F. is the m=imral oil. Ise ASIX viscosity-temperature
relationship used in Figures 2 and 3 was derived emperically using via-

cosity data from mineral oils. Curves 1 and 2 on Figures 2 and 3 are
I flL straight lines connecting the viscosity limits at the low and highI tiperatures set utp as a desirable target for the 700"F. hydraulic fluid.

Of the fluids evaluated, only the silicones =et these viscosity values.

p The other materials studied would require a V.1. i=rover to neat these
properties. Thus far, V.I. improvers of adequate thermal stability and
solubility have not been found. A discussion of the thermal stability of
V.I. im--rovers will be given at a later point in this section.

As indicated previously, very few of the materials tested at
707-F. give constant viscosity values. The general trend in viscosity
values with tire at 7071F. is a decrease. -several exceptions were noted
however. Hercoflex 600 shows a slight increase in 707?F. viscosity with
"time in Lhe viscosity bath. This same trend is evident in the 6001F.
thermal stability test. This is attributed to the nat..e of the thermal
decomposition products. Humble Pale D mineral oil also shows an increase
in viscosity with increasing time in the viscosity bath. This .dscosity
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test. There was evidence of' evaporation and incipient boiling during

ths77F evaluation. In-a sealed sytm aptei lirht;r il o

this type show Ten overall viscosity decrease with tI n e due to thermal

C. TPWLSTABILULY. It-has: been indicated-that high I
temperature hydraulic isca d be scaled oix ~icssuriv'-d Units __

In any even' Lxygen and -air can be' excl'uded,.or Tevrely isýV ii'fd. ThisI
Sp!Atic., r. emjh- isý,>th~ersbre, crrx ý 1tiiyaiýny

s~odrJ_,-~r-o xdto stability. -Hirkbf6oe ;V-aui'c

thiouei~a vriart or breather system. In these previo~us deveopmentS,
vii ckx-wera- a.lso designed -for use -at, lower temperatures,, primary emphasis
was placed-onocydationk stability. This change inx the prisaxi s~tability.
requirement from oxidation-to thernal. also changesithe relative positionis,

-of the variouis classes of..compouns._ For exanple, oxnral oils, whch -

show "Lmshat less oxidation st abillity thin diesterlu6. nhý A
superiorT thermal stobility.-

Two types of theral -stability tests'bave been -Condildt~d. Che1
typ oftet hs iie~cnddte'inanall glass syctim whii flt'si~cond

3type-haa: boon ecriduited in-a stainless steel press -ixre:cylinder.- These,-
tests have-been descrfibedl previoursly in. report P ,5.8-ýS~p53. -Briefly,
the-tcsts in the glass turbe apparatus are -carried-bout undeixas~nitiijen
atmo~sphere and the-tube is'sealed by a U-tldii cotaining 'appiadi~ate!Y

passage of gas out or air in with pressure changes iariJnapo-
mately 0.25 O.s.-i. T~ests conddated at, 5W0F. are of 20-huisduration;

ins sthee pressure cylinder r r isix c6oursei at se 6OO qyto 7Can

volatile prducts fo'-od ire confined in the cylinder.' ests zconducted

1. Thermal St~ability of IHydraulic Flbid Coascositio'ns. A
nusber of the compositions discussed previously as high tempera.ture

1h reut of these tcstr arc_ asuzarized &n Table?-). Thermal stability
testing -is continuing and this sunsary table will-b~e expanded in sub-

steability propertiesof the vroýcasso'rdczcniea o

high temperature hdalcfluidi. f ~ the-d~ata are forlifinished
compositions while others-are for base stocks.

Thermal stability, in general, can-ixot be e!iCed~byaddi'-
tives. A decrease in huxrmal stability caanresult fiom the; form';Lation

Rof complete oi finished fluids. For example, the use of tiicreýSyl phos-
hateadakl stailty T hispeffet .in be dsteussyedulater in thisrepod hrt.

phatestandility. acdThhits efcwin bedstusers mayert~ in decsreasedt.er

7%-e thermal stability data, in general, indicate that it is
desirable to design a pressure relief system arnd a safe method of
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discharging volatile inflarmable material from the hydraulic syste g durirg
all stages of operatior, for all high temperature hydraulic systems. This
would apply to a 550*F. system as well as a 7001F. sy-7am. It can be seen
from the data on Table 4 that all of the materials tested form volatile
decompositi on products a. 700?. ..d.r an inert atmosphere. These vola-
t:le products are, in general, organic fragments of the origir-Ia molecule.
As :--al-ler organic fragments, they quite probably represent a higher degree
of infla-rability than does the parent compound. It is believed, there-,
:'re, '%at 5000 and 700*F. hydraulic systems will have to designed on ahe
baqis o:" a g•ýýver infla--`f

1
-. ,Yty hazard than is indticated by the infla-

bility -ýrop-aLies of an unused or "fresh" high temperature hydraulic fluid
formulation.

It is apparent from the data on Tables 2, 3, 4 and 5 that none
of the fluid formulations are free from some thermal deterioration at
7001F. and few, if mW, are entirely thermally stable at 550"F. Thus,
it would appear that the relative rates and products of thenmal deteriora-
tion will play an important role in the selection of the most satisfactory
high temperature hydraulic fluids.

Tests conducted in the pressure cylinder in the presence ef
stainless steel and previous 500?F. thermal stability tests in glass
id equi•r-. containing copper, steel, silver, magnesium, and aluminum
indicate that, at least for certain fluids, there may be an increase
in severity of the test when metals are present. The increase in
test severity in the presence of metals appears to be more noticeable
in the case of esters than for some of the other types studied. Studies
of thermal utability at tempcratuors abcv.c 500*F. with =etal catalysts
will be continued to determine the magnitude of the metal-catalyst
effect. Data from the pressure cylinder indicate more severe viscosity

, changes, in general, than the data from the glass equipment. In addi-
tion to the presence of metal surfaces in the pressure cylinder test,
the volatile products are kept in the system resulting in mo•. severe
viscosity charnes.

Aroclor 1248 shows the best thermal stability properties of
the various materials tested thus far. Aroclor 1248 is a chlorinated
biphenyl which exhibits good non-inflar-ability properties. This
material appears to be thermally stable at 700* and 750'F. as shown
on Table 2.

Yethylpherorl silicones (Dow Corning 701 and 510 types), sili-
cones prepared by General Electric with improved lubricity properties,
and naphthenic mineral oils (Nectons 45 and 55 and Esstic 45) show
reasonably good thEr-.al stability at 700*F. On the basis of thermal
stability alone, and a 10 hour fluid life at the 700"F. temperature,
the silicones, mineral oils, and Aroclor 1248 shown on Tqble 4 have
sufficient stability to warrant further investigation. These fluids
have all been investigated at 7001F. in the pressure cylinder and
glass apparatus.
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Hercoflex 600 (a pentaerythritol ester) shows the best stability
of the organic esters evaluated. In the glass equipment, stability
looks promising in the 650, to 70W*F. range. Pressure rise in the pres-
sure cylinder is quite rapid at 6501F., isonever. In this pressure cylinder
test, the viscosity stob"-!y is good and volatility loss is low. Further
studies with the Hercoflex 600 are planned in order to evaluate the
-aou't of starting material involved in the thermal decomposition to form
gaseou-, products at 700*F. 'be thermal stability prope-ties of Hercoflex
600 are 7ery good in both tests at 600°F.

ii ".-tudia- srcwn on Table 2 indicate that the ro'a-_s: of the
-ateria-s -estcd show reasorable tneral stability in the 550* to 600-F.
range. Tnese materials include di-2-ethylhe.Vi sebacate, tricresyl phos-
phate, Ucon L-abricant LB-170X (a polyglycol ether). O.S. 45 (a silicate
formulation), YMW 8200 (a silicate fo-mulation), Indopol (a low molecular
weight polybutene), and SD-17 formulation (a silicone-di-2-etbylhexyl
sebacate blend). The two silicate fluids, O.S. 45 and M.I0 820, are
commercial fluids prepared by Monsanto Chemical Co. and Grsnite Chemical
Co., respectively. Tests with typical silicate ester base stocks indicate
that some of the changes noted on thermal stability ray be due to the
polymer or other additives in the form-ulation.

Data for tetra (C6 -C8 ) silicate (di-2-etbylhevyl di-2-ethyl-
butyl silicate) and tetra-2-ethylhexyl silicate are shown on Table 5.
These data indicate scmevhat better thermal stability in terms of
viscosity change than the O.S. 45 and MW 8200 formulations. The
stability of di-2-etnylbe.yl sebacate dictates the thceral deteriora-
tion of the S•liconnc-di-2--thylhemql sebacate blend (SD-17).

Poly•bitene (Indopol L-50) represents a synthetic hydrocarbon

in the form of a polymerized olefin. Additional pl.ybutene fractions
are shown on Table 5. Polybutene LP-0742 is a bydrogenated sample of
Polybutene LF-0741. All of these polybutenes have about the same
ther-al stability properties. 1edrogenation does not significantly
alter the therma! stability. Depolymerization of there polymers becomes
appreciable in the 600* to 650*F. temperature range. Additional
synthetic hydrocarbons will be evaluated since materials of the poly-
butene type appear to be somewhat cleaner in oxidatien tests than
naphthenic mineral oil fractions.

7Termal stability tests in the pressure cylinder have been
conductec with some typical halogenated non-inflarmable fluid constitu-
ents. These data are shown on Table 2.

Alkazene ,2 and Aroclor 1248 are constituents of the ethyl-
dibromobenzene-base hydraulic fluid (PRL 3209) developed to meet Spec.
MflI-F-7100. Alkazene 42 is ethyldibromobenzene; Aroclor 1W is a
chlorinated biphernl; and Fluorolube FS is a polymer of trifluorcaono-
chloroethylene. The pressure cylinder test was chosen for these thermal
stability studies primarily as a means of confining the thermal decom-
position products.

WADC TR 55-30 Pt 3 - 12 -



Table 2

THERMML STABILITY OF N0R-INFLMA)0!BL LLUBRICATS

Tests Conducted in Pressure Cylinder of 46 ml. Capacity Ustog a
2D -1. Charee of Test Fluid

Pressure After
Test, p.s.i. % Change

Test Test at at in Cs.
Temp., Time, Test Room Reut. No. Vi.e, at

Test l'd *F. Hrs. Temp. T-. ',eraae ]CO'F.
Alkazere 42 500 6 29 0 0.0 +2
Alkazs-ne 42 600 4 250 45 6.1 +29

LI Fluorolube-FS 500 6 33 0 -0.5 -2
Fluorolube-FS 600 6 100 6 1.0 -10
Fluorolube-FS 650 4-3/4 270 3 2.4 -1.9

Aroclor 124, 600 6 27 0 o.G 0
Aroclor 1=4 650 6 35 0 0.0 -1
Aroclor 1248 700 6 40 0 0.0 "3
Aroclor 1248 750 "6 60 4 0.3 +12

I IThe Alkazene 42 shows reasonably good thersal stability at
500*F. but decomposes fairly rapidly at 600*F. Fluorolube-FS exhibits a
th.cr-.al stability of the same order of magnitude an the Alkazene 42.
That is, Fluorolube begins to show a high rate of ther•al decomposition
at about 6^','F. IL should be e=pasized that Fluorolube-FS is a perhalo-

. compound. Very good therm-al stability properties are normally attributed
to perhalo-compoumds. The Aroclor 1243 utich has been discussed pro-

- viously does give very good therz.al stability properties even at 750*F.
It should be noted that Aroclor 124- :- not a perhalo-compound but doesI ~ contain carbon, hydrogen ard chlorine in each molecule.

These ther=al stability data indicate that some of the non-
. • - infX ble hydraulic fluid components exhi At a threshold of thermal

dec.=position of the same order of magnitude as the other synthetic
fluids evaluated in this series of tests.

I F 2. Therm-al Stability of Polvmer'ic V.I. I=provers. The con-
- ventional Sec. HIL-0-5606 and MIL-L-6387 hydraulic fluids achieve their

excellent viscosity-te=perature characteristics by the use cf viscous
-polymc.s tOickeners. Acryloid has been used in these two specification
fluids. Acryloid is a poly-erized cster- o .f .thacrylic acid. . Po)vbuten
is another conventional poly-meric additire used in hydraulic fluid and[ i ]lubricant applications xhere the base stock is a hydrocarbon.

These two polymeric additives have been evaluated for use in
* , high temperature hydraulic fluids. The results of the studies with

Acryloids have previously been discussed in jearly report PRL 5.8-Sep53.
Ther--al stability tests with Polybutene-thickened mineral oils are shown

on Table 3.
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The thermal stability tests with Polybutene-thickened mineral
oil at 500o and 600"F. indicate a thermal stability superior wo that of
the Acryloid-thickened mineral oil or ester fuinds. The Polybutene-
thickened oil shows vexy little viscosity chang. du? to thermal effects
at 5 00"F. At 600"F., a large viscosity decrease is noted for Polybutene
Dlends without indicatien of appreciable decomposition, i.e,, the only
chaene noted is viscosity decrease. The viscosity decrease noted with
Polybu-ene-thickened mineral oils at 600°F. is of the same order of magni-
Lude as ,he viscosity change noted with Acryloid at 5001F. The Acryloid-

th4-'cene- .lends begin to show zigns of znenieal decomposition of the
ester lir-,ge of t .2 -:ryloid a.t 60W . Che•ical decomposition of the
Polybuteýe hickener --•gins at 650"F. and becbmes a serio-us pronlem at
7001F.

Table 3

THERMAL STABILITY OF POLIBUT0E-MlNERAL OIL BMXW
AT HIGHi TEP-PATMESS

Tests Conducted in Glass Test T-bes Under a Nitrogen Atmosjhere.
Test Tiz is 6 Hours. Fluid Charge 25 Cms.

Test • VSC. t Change Liquid Neut.
Temp., Due to in Vise. Loss, No.

Test Fluid -F. Polybutene at lOF. A.% - Increase
20 W.% Polybutene B-12

in Necton 55 600 99 -65 0 0.0

2 It.% Polybutna42 6e B-12
in Necton 55 650 7 -98 a 0.0

5 Wt.% Polybutene B-12
in Necton 45 7W 50 -85 5 0.0

Polybutene B-12 700 100 - 90 0.7

It can be noted .rom the data that 90 per cent of the Polybutene

polymer decomposen to a volatile gas after 6 hours at 700"F. The decom-

position prodact under these conditions appears to be the isobutylene from
whick' the Polybutano was prepared. These data indicate that Polybutene
offers about 1001F. advantage over Acryloid thickener in toth the point
of thermal viscosity loss and actual chemical decomposition.

Polybuene is not as versatile a polymer as Acryloid in
several respects. The solubility of Polybutene in esters, for example,
is very limited. The improvement of viscosity-ttmperature properties
of a given base stock for a given degree of thickening is better for
the Acryloid polymer. Solubility in dibasic acid esters is also a
problem with high viscosity silicone polymers. Thus, a thickener and
V.I. improver for use with hydraulic fluids at 550* and 700*F. is still
desired. l
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Polyesters have been used as thickoners for hydraulic fluids
and lubricants. A series of Paraplex -polyesters (Paraplex AP-52, G-25,
and G-25-HV) have been evaluated previously by this laboratory. The
higher molecular weight material compared favorably with Acryloid Bi-2I
in terms of blending efficiency (i.e., V.I. improvement for a given
degree of thickening) and viscosity-shear properties. This series of

Spolyesters contained some ester lirkages of a secondary alcchol and,
therefore, were less thermally stable than tho =m-ple dibasic arid esters
of %he di-2-ethylhexyl sebacate type.

SF, l~ie data for Paraplex AP-52 sbown on Table 5 indicates a vis-
cosily loss and a rupture of the ester lirkage =n a 50C*F. thermal

Sr- stability test. An experimental ý*Iyester containing all ester linkages
p • of primary alcohols has been prepared by the Rohm and Haas Co. This

polyester (AC 3385) has been evaluated in the thermal stability test at
500" and 600"F. as shown on Table 5. At 500*F., the polyester-shews good
stability and at 600"F. the incipient thermal breakdown of the ester
linkage is of the sane order of magnitude as for di-2-etbylheVl sebacate
under the same test conditicns. Thus, the-AC 3385 type polyester appears

I H to have adequate thermal and viscosity stability fcr a 500' to 5501F.
hydraulic fluid. Polyesters of this type will be evaluated more
extensively as larger samples become available.

j] •A viscous resin fraction extracted from Pennsylvanda crude oil
I] thas also been considered as a thickener for high temperature hydraulic

fluids. Preliminary tests indicate that these resins show good viscosity
stability in 500'F. thermal stability tests. Thermal stability tests with
thess resins will Le conducted at higher temperatures.

"3. Effect of Phosphorus;.-Containinx Lubricity Additives on
Thra Stability. eefcto tricresyl phosphate andvrou lyl

acid phosphites on the thermal stability of d-basic acid esters is shown
on Tables 77 and 78 and is discussed in some detail in the section on
jet engine lubricants. Since some hydraulic fluid formulations do

i '~ contain tricresyl phosphate, it should be noted here that tricresyl
phosphate don .have a = adverse effect on the thermal stability
of dibasic acid esters at 500"F.

ID D. OXIDATION AND CO--OSION CHARACTxISICS. It has been

indicated that oxiddatin in high temperature hydraulic systems wiln be
limited by using closed units. Thus, for hydraulic system applications,
relatively moan. quantities of oxygen would be in contact with the fluid
at the elevated ope stirng temperatures. These small quantities of oxygen
would, hoeever, be in contact with the fluid at the elevated temperature
for sufficient time to cause essentially complete oxygen assimilation
with many of the proposed fluid types. Due to the closed system and

,, elevated temperature, the effect of oxidation should be considered in a
different manner from previous lower temperature hydraulic fluid and
lubricant studies.

For temperature ranges up to about 400F., oxidation stablity
L of a fluid is generally measured as the length of an induction period

during which the fluid absorbs little or no oxygen, and exhibits
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essentially no change in physical properties. The length of the stable
life, or induction period, is inluenced primariy by additives (oxida-
tion inhibitors) in thin temperature region.

Iii
[ •At temperatures of 500F. and above, this characteristic

induction period no longer exists or is extremely short lived. These
data have been emphasized in the previous yearly reports PRL 5.I-Sep52
and FRL 5.8-$ep53. The presence of oxidation inhibitors at 500-F. and
e ,ove may, however, slow down, the rate of oxygen assimilation. It should
be em-phasized that in a sealed system at elevated temperatures the primary
consiieration is not necessarily the induction period or the rate of
o-icf.-on, but ir many cases it may be the amount of the property change
rea'-•ý.ng from z :iven amount of oxygen as.imilaten. in a seaid system
this r.•,.a " of oxygen should be small.

1. Oxidation and Corrosion Characteristics of High Temperature
Hydraulic Fluids. To simulate oxidation at elevated temperatures and
limited oxygen, a 24-hour test at 5001F. at a low rate of air circulation
(0.6 liters per hour) has been used. On the basis of a five gallon

capacity hydraulic system, this 24 hour test introduces the equivalent of
j approximately 9 .cubic feet of air under standard conditions of tempera-

ture and pressure 0'2F. aed 760 MM. Hg pressure).

The results of these low air-rate oxidation torts at 500F. forl the high temperature hydraulic fluid formulations and base stocks are
shown on Table 6. These data indicate that the amount of available
oxygen assimilated at 5OO*F. varied from approximately 2 to 60 per cent.
This value can be converted to the equivalent volume of air used in a

5 gallon hydraulic fluid system by simply taking the indicated percent
cf mo,-cbic feet which is equivalent to the total amount of air passed

.1 throigh the sample.

These data indicate that Aroclor 1248 uses essentially no
oxygen. The methylphenyl siliccnes absorb considerably less oxygen
than do the mineral oils, esters, and silicates. The silicates, mineral
oils, esters, tricresyl phosphate, and polyglycol ethers absorb from
about 20 to 40 per cent of the .vailable oxygen in this te.t. Thei hih absorption values for Indopol Polytutene polymer L-50 and the
Necton 45 are believed to be attributed to oxi-ntion in the vapor section

of the tube due to the relatively high volatility of these products.ii This phenomenon has been noted consistently with hieh volatility hydro-L• carbon materials.

SThe viscosity stability of all of the test fluids appears to
be adequate. Neutralization number changes vary according to ch--eical
composition. There is no correlation between neutralization number
increase and metal ccrrosion. The Aroclor 1248 shows some copper corro-

SI sion. Tendencies toward copper corrosion have been noted for all of
L the oxidation tests at 347F. and above for Aroclor 1248 without the

use of basic inhibitors. Tricresyl phosphate shows moderate copper
corrosion but excessive steel corrosirn under these mild oxidation
conditions. Di-2-ethylhexyl sebacate shows borderline copper corrosion.
The two silicate formulations show evidence of steel corrosion. The
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corrosion value for O.S. 45 is higher than that for P-10 8200. None of
the corrosion values could be considered serious in view of the 10 hour
life indicated for these high temperature hydraulic fluids.

Dirtiness is gen-rally a critical problem in high temperature
systems. The only fluids eraluated that show no evidence of sludge and/or
dirtiness are the two methylphenyl silicones and Aroclor 1248. The SD-17
td.1-4n-die*,÷--r cc-"position shows a large sludge value considering the
test severity. It is interesting to note that the sludge formed by the
Sl%-17 blerd is 23 times that formed by the ester component, which shows
the pooier zxid-ti. stability of the two components that ae present
in SD-1i. ,This same ohenomenon has previously beer, rported by this
laborator•' in PRL 5.8-Sep53 for other similar silicone-diester blends.
Tricresyl plwsphate also shows a fairly large value of sludge formation
coupled with a high %iscosity increase.

Dirtiness in the ester, silicate, poWyglycol ether (Ucon),
synthetic hydrocarbon, and mineral oil is all of approximately the same
order of magnitude. A trace is the designation given to dirtiness values
up to 0.05 weight per cent. Above this value the dirtiness is expressed
numerically to the nearest 0.1 weight per cent. Mp•erience with- Spec.
FIL-L-7S08 jet engine oil indicates that dirtiness of this order of
magnitude may cause some problems with respect to filter plugging and
deposits. It may be desirable, therefore, to evaluate filter porosity,
and the behavior of close tolerance moving parts under realistic condi-
tions in the early development stages of high temperature hydraulic
system coiponents.

Oxidation tests with relat4iely slow rates of air circulation
are continuing with fluids representative of various chemical classes.
More specific evaluations have been conducted with esters typical" of
current Spec. KIl,-L-6387 and M!L-L-7808 quality materials. These evalu-
ations hMae been directed toward the effect of oxidation and lubricity
additives on oxidation and corrosion stability.

2. FPhensthiasLne Dirtiress. Phenothiazine is being used
widely as an oxidation inhibitor for synthetic hydraulic fluids and
lubricantz of the ester type. Phenothiazine. has been fo-'u to be
effective in extending the induction period of esters substantially
in the temperature range up-to 350* and .00*F. At 5001F. the pheno-
thiazine is effective in esters only to reduce the rate of oxidation.
Phenothiazine and other amine inhibitors have been found to cause
darkening of the fluid and trace dirtiness in ester fluids within the
stable life of the fluid. This problem will be discussed in more
detail under the high temperature jet engine oil developent st:udies.
Se of the data are suamarised here to illustrate the manner in which
additives may be undesirable in high temperature hydraulic fluids
for sealed systems.

Data are tabulated on Table 7 to show the effect of increasing
phenothiazine Cirtiness as a function of phenothiazine concentration in
a 347-tF. oxidaticn and corrosion test. All of the test fluids were oxi-
dized to a point sl&ghLly beyond the induction period. None of the
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inhibited blends were carried as far beyond the stable life as the 2D
hour test with uninhibited ester.

These data indie-te increasing sludge formation with increasing
phenothiazine concentration. These data indicate that for a limited
anount of oxidation vhich might be anticipated by a bttied, or partially
sealed system, the probability of dirtiness or sludge formation •nuld
increase directly with increasing phenothiazine oxidation inhibitor.

- i Table 7

%--FECT OF PHENOTHIAZIB CONCETRATION ON OXIDATION AND CO8OSI01

I' •P.•.,•eR-f ITES OG DI-2-h'MyLHElh, S•nCA.E !.T 31.7WPF.

Tre st Procedures and Techniques in Accordance with Spec. HIL-L-6387.
;! Teat Temperature - 347 ± 3*F.; Test Time as indicated; Air Rate - 10i-+I

! Liters Per Hour; Test Fluid = 100 ml.; Test Conducted with a 1 Inch

Ti Square each of Steel, Cadmium-Plated Steel, Aluminum, Copper and
M.agesium.

Test Fluid Di-2-EtV,.,h-1 Sebacate (PRL 3371)
Phenothiazine Concentration, Wt.% None 0.1 0.25 0.5 1.0 2.0
"Test Time, Hours 20 25 63 159 194 424

I . Approx. Stable Life, Hours - 21 46 152 180 424

"% Change in Cs. Visa. at-130F. +30 +7 +24 +15 +12 -7

I Neut. No. Increase,
S Mg. KOH/Gm. Fluid 10.6 3.8 15.3 12.2 32.4 3.8

W .% Oil Inseolubles - None Trace 0.2 OA. 2.1 1.5

Fore severe oxidation tests were conducted at 500PF. to study
further the effect of phenothiazLe concentration on dirtiness in di-2-
ethylhexyl sebacate. These data are shown on Table 8. It can be seen
that the effect of the phenothiazine is to reduce the rats of oxygen
assimilation under a given set of test conditions. The tests in this
"case were continued to about the sane degree of-severity on the basis
of oxygen assimilated. These conditions are somewhat more severe than
would be anticipated in a sealed hydraulic system. Under these test
conditions, there is a strong trend toward more dirtiness with the
presence of, or increase in concentration of. phenothiazine.
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-Tablfe 8

Vi.g EFFECT OF PIE-NOTHI M COCEfMATION W' 01M.ATIM-4ND CORROSION
C4PARACTERYTICS (iF DI-2-E-HfiRYLS SEBACATE AT 500*F.

-:est, Procedures and Techniques in Accordance with 5per. HIL-1-6387.
Test Conditions Incle: Test Temperature - 500 + 5"F.; Air Rate - 5 1 .1

0.5 Liters per Hour; Test Ti - 30 Hours; Test Fluid Ob1arged -
100 ml.y• zatay.- A 1 ncch Squore of each Meta1 Y.s-icated.

'feet'Flud - i2tybX1ScctPRL

pher.oth;Siri e C="-ration. Wt.% Noe) .

Mols 021/.26 G(s. Fluid 1.3 -1.3 1.2 _LO 0

% Chsnge L•-Cs. Vise. at 130oF. +39, -116 +56 +32

Neut. No. Increase,, Mg, KCo/,m. Fluid 1,. 16.7 a3.2 7.5 ijl
-'t.% 0.1- In-solubles 0.1 0.8 10.9 10.8

Ft hf. loss (Yq./Sq. C-.) -.-

Copper 0.04 0.07 40.17 .0.18

Steel e0.62 . 0.23 0.05 -0.05

Aluinum 0.00 0.10 0.00 0.00

These data indicate that trace dirtiness of the type now noted I
" with the use of Spec. 14111-L-7808 in the region of-200" to 350"F. may be

encoitered -with -relatirly m.- qusntitiss of cVgen at 500"F. -due to
the resence of phenothiazine. For use in sealed eystems, a small con-
centration of a hindered phenol type inhibitor to protect the Lydrau.lc4 fluid in shelf life storasg but which gives es-zentially n6 apparent high
p h o-sperature onidation protection, may be =ore desirable for esters than•'• phenotfiola?4e or other amine fype ir-Mbibtors.

3. Efrect of Tricresyl Phoseate on HIsh Te=.erature Hydraulic
Fluid Dirtiness. Tricresyl phosphate is a cosonlw used lubricity additive
in hydraulic fluids and jet engire lubricants. The advsntages of tri-
cresyl phospbate in esters as a lubricity aid at 500'F. in the Vickera

teype power steering pup are deonst.Ated in Ms report. The
eff3ct, of ticresyl p.osphate, as wel as various aliq! acid 'hosph-tes
and phosphites, or. the oxidation stability of esters at 500*F. has ben
determined. This study will be diecussed in some detail in the section
on jet engine oils. The effect of tricresyl ptosphate on ohenothiazino-S inhibited di-2-ethylbe•-iy sebacate in 5001F. o•ddaticzi te~ts is sumaied

on Table 9.
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Table 9

VF=-T OF TEICRESYL PHOSPHATE ON OXIDATIOM 4ND CORMMION AT 500F.

Teat Conditions: Test Time - 20 drs.; Air Rate = 5 1 0.5 l./hr.; Test _
Fluid Charged - 100 ml.; Catalyst - a 1 Inch Square of Each Metal.

Test Fluid - 0.5 Wt.% Phenothiazine in Di-2-Ethylhezyl Sebacate.

'ZIevl Wt.,.. --
% Vieo. Change at 130"F.

• Insol. R--oved +44 +37 f11l

Icppen.ane aiol. Monoved *4 +12 +79

Neut. No. Ir--.-ease, Mg. KOHi/Co. Flid 15.3 !Z,.2 15.2

VI.% Oil Insolubles 0.1 2.2 3.6

S•Catalt loss (Kg./Sq. Cm.)
Copper 0.08 0.36 0.05Ssteel 0.00 o.06 40.07

Aliminm 0.00 0.13 40.04

These data show that under oxidation conditions the tricresyl
phosphate contributes substantially to fluid dirtiness at 500F. This
dirtiness effect in 3471F. oxidation and corrosion tests has not been

- clearly demonstrated. At 500*F.. however, tricresyl phosphate produces
considerably morc insolubles than phenothiazine.

H1 The undesirable effects of these additives demonstrated by
Tables 7, 8 and 9 show that, at 5001F., it is not a simple problem to
obtain from additives a sizeable safety factor in lubricity and oxidation
idthout jeopardizing certain other fluid p.operti-s. These data point

up the desirability of knowing the minimu• requirements of the scr-dice
application at high tesperaturas in order to develop the best overall

Sfluid;
4. Slide Valve Sludging Tests. The Iright-Air Development

Center, Materials Iaboratory, requested this Laboratory to study the
effect of oil oxidation on the operation of close clearance slide
valves in hydraulic systems. It was indicated that hydraulic slide
valves are made to close tolerances and are located, in sere cases,

11 in the hot nortion of the hydraulic system. In many cases, the slide
valve must zove freely after remaining in one position for extended
periods in the presenze of the hydraulic fluid at elevated temperatures.
Thus, the slide valve appears to be one of the =ore critical areas for
sludge or lacquer formation to cause malfunctioning of the hydraulic
system. The average clearance between the piston lands and the cylinder
barrel is of the order of 0.0001 to 0.0002 inch c the radius.

Two complete slide valves were obtained from North American
Aviation, Inc. through 'the Wright. Air Develtuymcnt Cmeter. This
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laboratory does not have adequate control equipment for operating the
slide valves as a pz. tion of a hydraulic system c=ck-up. in addition,
operating temperatures acove those of conventiont' hydraulic systems
were desired for this laboratory investigation. Operation of the slide
valve at high temperatures was simulated by removing the barrel and piston
assembly from the housing and immersing this assembly in a bath of hydraulic
fluii exposed to accelerated oxidation conditions. Tre piston-barrel
asse=ý.y was mounted in such a manner that the piston could be moved back

and forth in the barrel during the oxidation test with a balance arrange-
ment 'or the quantitative meas nt of the force necessary to effect

2e construction details of the constant temperature bath, the
slide valve holder, and the piston yoke and balance arrangement are given

in report PtL 5.8-Sep53. he apparatus is designed to operate over a
temperature range of I00* to 6001F. The unit can be used for thermal
stability tests as well as oxidation and corrosion tests. The air for
oxidation, and the inert atmosphere (nitrogen) for thermal stability,
can be introduced under the surface o: the test fluid or passed through
the free space above the test fluid. Problems encoantered in moving the
piston with a ýa1 unbalanced force are discussed in repcrt PRL 5.8-Sep53.
With proper aligement and adjustment, an unbalanced force of 5 to 10 grams
is sufficient to movc the piston in either directicn with a typical troed
hydraulic fluid.

The tests were conducted at the indicated t.mperatures using a
fluid charge of 500 ml. This quantity of fluid was sufficient to inerse
totally the slide valve assembly in the fluid. A total air rate of 20liters per hour -.rs introtaced a. Uhe --.*. of 10 liters pcr 1W. I-IXuagI

each of two steel inlet tubes located about midway betwet.e the end of the
bath and the end of the slide valve. The locatio of the air inlet tubes
is indicated in Figure 7 of report PP•L 5.p-Sep53. The inlet tubas were
-.xtended to within one-quarter of an inch of the bottcm of the tst fluid
reservoir. In this manner, the fluid receives adequate -tirring from the
air stream. A value of 20 liters per hour total air has been chcsen to
match the severity of the slide valve oxidation test with that of the more
conventional Spec. HIL-L-7808 t3pe oxidation test conventionrAly uaed by
this Laboratory for oxidation and corrosion tests at 347e to 500P.

Thermal stability tests were conducted by sweeping nitrogen
over the top of the fluid and by bubbling nitrogen into the fluid in the
same manner desc:Ibed above for air. Rubbling the nitrogan through the
liquid does not appear to be an adequate test procedure for thermal
stability. In ace cases woere nitrogen was bubbled through the fluid,
there were signs of significant oxidation of the fluid. A test illustrat-
ing this phrs-cenon is included on Table 10. The method of passing
nitrogen over the surfaca of the fluid is preferred for thermal stability
tests. Between tests, the slide valve was cleaned by heating and brushing
the coated parts of the slide valve in a solvent consisting of a 5G-50
--mture by volume of benzene ard pyridine. This solvent was fairly
effective in removing the sludge and lacquer-like coatings from the
barrel and piston assembly. It should be emphasized, however, that the
coatings were not completely re-,_ved in arW of the tests, although in
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I
most cases, the coatings were effectively removed fros the piston lands
and cylinder bar"rel where clearance is critical.

Two general patterns have been followed in the slide valve
exercise during testing. In one case, the slide valve was measured every
hour for the force necessary to producý motion in the piston, while in
the second type test, the piston was alowed to remain stationary for
essentially tl-" entire test and exercising was attempted only at the end

Sof -he test period.

The data taken from the various slide valve tests are shown onSab"- =d Fz-.-e 4. 'The data on Table 1-0 illus.ra.e uh :.,h .e cil"oxidation behavior and the slide valve exercise characteristics. In

this series of tests, a value of over 500 grams required to remove the
piston is consideied as failure or unsatlsfactory behavior. The normal
value for moving the piston with a fresh ester-base oil is 10 to 20 grams.
Thus, it can be seen that a 50 fold friction increase is considered the
criterion of failure.

The properties of viscosity and neutralisation number change and

sludge formation arc inditcative of oxidative deterioration. Probably the
most important of these property changes to the operation of a slide valve
is the sludge formation. The metal test- bath does not lend itself to
quantitative cleaning for sludge measuement. Therefore, the measurement
of isopentane int-olubles has been used to give a relative value for oxida-
tive deterioration. It can. be seen by comparing the oil ilsoluble sludge
with the icopentane insoluble material in 500OF. oxidation tests for di-2-
ethylheyl sebacate, as given in report PDL 5.8-Sep53, that the isopentane
Insolubles greatly exceed the oil insoluoles at low values for sludge.Isopentane insolubles might be called potential sludge, In this case- h
isopentane values are listed, therefore, a- an approximate indication of

I -~ sledge formation.

! ,_ sp The tests on Table 10 c listed in chronological order. This
is an important point for discussing the results. The annular clearance
of the new slide valve assembly was of the order of 0.0001 to 0.0002- inch
on the radius. At the end of test 12, w!th the same slide valve, the
clearance was of the order of 0.0010. It can also be noted in the sequsace
of tests that 10 and 11 are more severe than tests 3 and 4 using the same
test fluids bun tests 3 and 4 failed where tests 10 and fl did not. The
piston cylinder wall dL-enslosn- .are not measured after each individual
test. On the basis of weight loss of the piston an.d cylinder barrel and -
visal observation, it is estimated that data for tests ) through 12
appear to be much better than predicted from the previous tests. As a

£ "further check, a test with the phenothiazine inhioited di-2-ethylhexyl
sebacate has been conducted with a second slide valve piston and barrel
assembly. The initial, clcaran-ce for the piston and barrel assembly is
0.0001 to 0.0002 inch on a radius. The data for test 13 show the failure
anticipated from tests 3 and 4. Thus, the conclusions must be d-awn
carefully from these data to allox for the change in clearance during
the tests.
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Tests 1 and 2 are designed to simulate the severity of Spec."MIL-,-7S8O8 oxidation and corro-ion tests. The values of the oxidized
oil indicate tbe same severity as the Spec. MUIL-7808 oxidation and

corrosion test. The piston. in test 1 was exercised hourly compared ;
with exercising only at the beginning and -nd of test 2. Both tests show I

little or no increase in the amount of force necessary to move the piston
dur.ng the course or the test. The piston and barrel show some evidence
of staining but no evidence of sludging and lacquering during the test.

Tests 3 and o are 500*F. Txedation and corrosion tests designt
inf sever ýy to stmh -te the Spe. MIL-L-7t8e t est at colnF. using ro

5 litert r- the pei s-ur, i.n., the ansas toscribed infTabres 26 tharreg.33 of rep~rrt PL 3.8-Sep53. Tosts, 3 and 4, caused a rapid increase in

friction and as the force theeaty th depste theseitoton in in t 15
hours of test time. -7h force necessary to operate the, piston as a .
function of time is shown on Figure 4. The piston could be moved with
difficulty at the terminaticn of the 506*F. test. On cool.ing to room
temperature, the piston was stuck and -had to be driven from the be-rz-l.

Pf was also noted -'hat t.he deposits frce these test2 were in

the form of a lacquer on the metal parts. This lacquer could be chipped
off with a fingernail. The troublesome build-up of deposits appeared to
be in the exposed portion of the piston barrel. There was not much evn-
dence of lacquering in the close clearance portions between the piston ,I
lands and the cylinder barrel. Following test 4, a method was devised jj
for removing the piston from the cylinder barrel while hot to prevent
the sticking encountered on cooling. This was done by changing the
method of clamping the cylinder barrel to the bottom of the bath.

Tests 5 and 6 are i00*F. thermal stability tests with pheno-
thiazine-inhibited di-2-ethylhevl sebacate. Test 5 uae conducted by
bubbling nitrogen at a total rate of 10 liters per hour (5 liters per A
hour farm each tube) through the fluid. This resulted in fluixd property
changes 

4
.'Mcani- ve of oxidation rather than thermal stability. The air-

fluid contact at the fluid surface was not effectively excluded cy the _1
test in which the nitrogen is bubbled through the fluid. The lnvel of

final neutralization number and sludge fornaion are indicative of oaxi-
dative deterioration.

Test 6 was conducted with a nitrogen rate of 20 liters per
hour passing over the surface of the liquid. The fluid properties
from test 6 are of the same order of magnitud• as those expected from a .1
simple thermal stability test conducted in a sealed glass tube under
-similar conditions of temperature and tire. it has been noted in tes-.s
of the type where the gas is passed over the surface of the liquid rather
than bubbled through it that there may be a temperature gradient of 10-
to 23'F. between the bottim of the fluid and the surface. I

There is a considerable increase in friction noted in the slide
valve assembly in test 5 where oxidative deterioration is indicated. There
is no evidence of increased friction in the slide valve assembly for test
6 which appears to oe a purely thermal stability test. _,
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Test 7 .-as cornducted as a rough check on the results from testI
5. In this test, 5 liters of air were passed over the surface o: t.e test
fluid. There is evidence of conside:able oil oxidation in this tUst,

indicating trhat it is nut :zcessary to bubble the air directly into the
oil to obtain oxidation. This test is obviously less severe in terms of
oxidative deterioration than the tests in which larger vol=mez of air are
bubbled direct)y into tLe oil. Test 7 does cause the formation of the sameLvpe of hard lacquer-like coating on the metal parts and does result - a
14-,-h increase in friction in the slide valve.

Test 8 is an oxidation test conducted at 400F. to determins the
effect of teapareure on sludgoa character and slid' vable friction. The
=F00k. test produned sludge without much evidence of the hard lacquer for-"mat•uc noted on the metal parts in the 500*F. test. There war no indica-
tion of increased slide valve friction in this 400°F. test.

It should be noted fro= the data on Table 10 that each additional
test requires more severe conditions to cause failure of the slide valve.
This fact should be taken into consideration in the discussiun of tests 8
through 12, particularly. The gradual change in slide valve failure with
sludge for-mation is attributed to the gradual increasing clearance in the
slide valve piston barrel a --embly brought about by fluid corrosion as
noted on Table 10 and by mechanical erosion in the cleaning process of
the lacquered parts. The WO*F. test produced a large quantity of soft

*_ sludge but little evidence of hard lacquer-like deposits on the metal.
This is believed to be significant.

Tests 9, 10, 21 and 12 have been conducted at 5001F. with a
complete ester-base formulation (PRL 3161), L well refined naphthenic
mineral oil fraction, and phenoti ziane-In~dbited di-2-ct•ylhacl' -'-"-e

These tests were continued to a point of very severe oxidation and sludge
formation. In all of these tests, an objectionable type of lacq-_"-like
coating ws observed on the slide valve surfaces These tests, in general,
did not show the expected friction increase. This is believed to be due
to the increased clearance of the piston in the cyli-der-barrel. As a
check on the isportance of bearing clearance, test 13 has been conducted
with phenothiazine-inhibited di-2-ethy]h-beVl sebacate at 5'."F. using a
no- slide valve assembly of O.C001 to 0.0002 inch clearance. Failure
in this test was similar to the type of failuras noted with tests 3 and 4.

F, No appreciable change in slide valve friction has been noted with
phenothiazine-inhibited di-2-ethylhexyl sebacate within the stable life
of the fluid in a f.pec. MIl-L-7808 oxidation and corrosion test. RelativelySI severe oxidation of the ester at 500F. causes a large increase in slide

I i, valve friction. The friction increase is attributed to the for-ation of
a hard lacquer-like deposit. Friction increase in the slide valve appears
to be a strong function of piston-cylinder barrel clearance. An increase
in annular clearance from 0.0002 to 0.001 inch may mean the difference
between friction increase and nt change in friction under the sane 500F.
oxidation and corrosion conditions. Severe oxidation of the ester at
400*F. does not result in increased slide valve friction probably because
of the lack of lacquer for--ation on the slide valve surfaces.

WADC TR 55-30 Pt 3 - 29 -



1I

Studies with mineral oil and PRL 3161 ester-base lubricants
were carried out after the annular clearance of the slida valve was
increased by wear. Thus, a critical evaluation could not be made. It
is evident, however, that under 500ýF. oxidation conditions, the mineral
oil and PRP. 3161 do not appear to be much =rse than the ester in the
formation of a hard lacquer type coating.

It should te emphasized that these tests were conducted in a
static fluid bath. That is, there was no flow through the slide valve.
U.:ltr lb-,se static conditions, there is no indication that the trace
dirtiness noted •ts- Spec. KII-I,-7808 fluids and sometimes attributed to
phenothaauLne is cau= ng Increased friction. Under fbi ndi4ticne tr-ce
dirtireca could be more troublesome since the =all pitton-barrel wall
clearance would be expected to act as a filter to remove solids from eM7
leakage through the annular clearance.

- MNo further wo.rk is contemplated on the slide valve piston and
barrel assembly unless requested by the Air Force. It would appear that
a e piston and barrel would to required for each tent, at least in the
case where the test shows a large friction increase or metal coating. A
test of this type might be developed around a Bosch diesel fuel injection
pump piston a barrel assembly. These assemblies would lend themselves

to the same type balance apparatus used for the slide valve. It is
indicated that the Bosch piston and barrel assembly are manufactured to
a select fit of O.00004 inch tolerance. This fit is better than the 0.0001
inch value noted for the slide valves.

5. Interrelation of Coee--er-Bexyllmn Allov and Oxidation an-
Corrosion Deterioration. The Hater••as laboratery of the Wright Air
Development Center has requested that this Labora.;ory investigate the
effect of cop-per-beryllium alloy on the oxidation stabiity of hydraulic
fluids and lubricants as well an the corrosive effect of the fluids on
tne rvU.. The Materials Laboratory has furnished this Laboratory with
fifty, one-by-one inch test specimens of copper-beryllime alloy. It
has been indicated that copper-baryllin is one of the metals of con-
struction of high temperature hydr-aulic systems. It in the purpose of
this preliminary study to compare copper-beryllium with pure copper.

The corrosion of copper-berylliun alloy in the Spec. HIL-L-6387
oxidation and corrosion test is shown on Table 12. Corrosion values for
various other metals of construction are also shown for comparison. These
data indicate that there is no significant corrosion or the copper-beryllimn
alloy under these test conditions. It should be noted that copper also
shows no sign5.ficant corrosion in this -tst.

The effect or copper-beryllium on the stable life of di-2-ethyl-
hex;l sebacate at 3471F. has been determined. Test fluids contain 0.1 or
0.5 weight per cent phenothiazine as the anti-oxidant. The test fluids
have been subjected to a stable life test at 3471F. That is, the test is
continued until flui& saples indicate a rapid increase in neutralizationnumber with test time. Stable life values obtained, alornv with siiar
values for steel and aluminum, are shown in Table 21 and F•gure 5.
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Table 11

EFFT C, COFPER-ERY1LtLM ON IM STABLE LIFE
OF DI-2-EIMLHSXYL SEBACATE

Approx. Stable Life, Hrs.

0.1 Wft.% 0.5 Wt.%
Catalyst Yetal Phenothiazine Phenothiazine

No Catalyst 125 350
lopper 2D0 210
Soppe.r -r...tium 30 300
,tea! 315 -

Alumninum 120 -

These data indicate that copper-beryfliuw alloy does effect a
reduction in the stable life of phenothiszine-inbibited di-2-ethylhexyl
sebacate. However, this reduction appears to be somewhat less than that

incurred with copper catalyst.te These tests have been continued past the stable life of the-
test fluid. That is, the final neutralizaton nuber and the viscosity

F1 increaze- are relatively high, indicating oxidative deterioration of the

:test fluid. It is interesting, therefore, to observe the corrosive
effect of the test fluids on the catalyst metals. A summary of the

'l ,-properties of the test fluids and the catalyst corrosion is shown in
Table 13.

In these tests, the copper-beryllium tends to be coated. The
*, copper becomes scm--what corroded. It should be recombered that these

tests were continued beyond the stable life of the test fluid.
•= Specification KT•-L-78O8 oxidation an"d corrosion tests (34o*.,

72 hours) have been carried out with some synthetic gear lube type fluids

in the presence of copper-beryllium catalyst metal. A deýcrlption of the
test fluids used follows:

(1) PRL 3207 is a di-2-ctbIy3hexyl sebacate-phenothiazine blend.

(2) PRL 3161 is a Spec.. 14--1-7308 type synthetic gear lube
containing tricresyl phosphate.

(3) PRL 3313 is a cocmercially prepa-rcd -ynthetic fluid
containing tricrcsyl phosphate and Ortholeum 162

(L) PRL 3313A has the same composition as PRL 3313 but was
prepared from stocks available at this Laboratory.

s-ary of the fluid properties and catalyst conditions

following the test is shown on Table 14.
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*1
With test fluids PIM 32)? and PilL 31161, there is no cofvosion

of any of the catalyst metals, and copper-berylliu appears to have no
effect on the oxidative behavior of the tert fluids under these condi-
tions.

It will be noted that, in the case-of MI. 3313 and PiL 3313A
test fluids, the original neutralization ni.ber is relatively high. i

These- two samples had been stored in sealed containers at rocm teapera-
ture for approximately 18 months prior to the testm sho'4c. The pher.o=recn
nf neutralization nwrober increase with storage time for fIdid3 containing
acid phc:pt=te typT ýdditlvcr (Ortholeum 16ý) has bern discussed in I
Dreric.ou ,,;ror~s. T-s:t fluid PPlL 3313A shows hign copper -r.-oston bit
no coppcr-.beryllium corrosion. Test fluid PRL 3313 shows high copper-
beryllium corrosion. It should be pointed out that this cormercial hatch
of PRL 3313 has shown a tendency to corrode metals in previous tests.
That is, testa conductea with this fluid when it was first received by

this Laboratory showed copper, steel, and magnesium corrosion under the -I
Spec. H.Y,-47--78 oxidation and corrosion conditions.

Tests have been conducted at 5D0*F. fer 2D hours with di-2-

ethylhexyl sebacate containing 0.5 weight per cent phenothiazine (PML
3207). The results of these tests are shown on lable !5. Their•A-
relation to the copper-beryllium catalyst are the same as those dis-
cussed previously for test fluid PRL 31207at 347*F. J1.

The investigation of the effect of copper-bory-133.e on
.. ,diaulic fluids and lubricants has beeý extenýed to brlude mineral
:oil copositions. The toot fluid for these stre i aiahb7bly refined

naphthenic mineral oil (Voltesso 36, PRL 3456) raving -a viscosety of
approximately 9 centistokes; at 100"F. The-Atess have b-en ctn~date

at 347*F. for 72 hours. In one series of t~ e, a hiz4rd rphenyl'type
of anti-oxidant (Paranox 4.1) is used. In the. 3acond set of tests, a -,
hindered phenol type of inhibitor (Antioxidant 2246) combined witht
dimetbl acid phosphite is used. The ýZfect 0 this Inhibitor combina--J
tion on the oxidation stability cf minsrsl oils is discased in the-• Isection of this report concerned wi•th Jet }engine lulricts. A sumry

Sof the results obtained in the se mineral j•il studies i-- them in Table !6 .

It should be noted that the tests with the fluid cont.airixrg
only Paranox 441 as the oxidation inhibitor appear to have exceeded the
stable life of the test fluid. That is, the viscosity change and the
neutralization number increase indic3te incirdent oxidation. Only copper
shows any appreciable amount of corrosion in these tests. Copper-beryllium,
either alone or in conjunction with the other metals is not corroded under"these test conditions.

- ___

In the tests containing the dimethyl acid phosphite, the test
fluid Is stable to oxidative deteriorntion for the 72 hour test perio;d.
The codtiig noted for the catalyst metals is typicaO for fluids contain-

SI,) dimitIyl aciddthesphite.

In conclusion, the data indicate that &pper-berylfium alloy
does have so=s.effect on the oxidation statility of hydraulic fluids and
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Table 12

EFFECT OF METALS ON OXIDATION AND CORROSION CHARACTERISTICS
F ~OF DI-2-RITHXLYLM SEBACATE

Test Procedures and Techniques in Accordanre with Spec. MIL-L-6387
Test Conditions Include: Test Temperature - 347 ± 3*F.; Test Time -

72 Hours; Air Rate - 10 ± 1 Liters per Hour; Test Fluid Charged =
100 ml.; Catalyst * a 1 Inch Square each of Metals Indicated.

Tezt Fluid: PRL 3207 - Di-2-Ethylhexyl Sebacate + 0.5 Wt.% Phenothiazine

T'es~tFluid - -__ -_-_- - - -PRL 320',-- ----

Liquid Loss, Wt. % 3 3 2

% Change in Viscosity:
r at 13'-F. +3 +3 +i

at O*F. +6 +7 +2

Hent. No. (Mg. KOH/Gm.-Oil):
Original 0.1 0_1 0.1Final 1.5 0.8 1

A.S.T.M. Union Color:
Original 2 2 -2
Final >C >8 >8

WLt.% Insoluble Material 0.3 0.5 0.3

Fliua Catalyst-Condition:

11 Appearance:Copper Du-l-

Steel Dun. -

ha-231Dull-u!,Lead-Indixmi L-il --
• Lead - Corroded
Sl Copper-B- E•--71ium Daill

W T. Loss (0.ISq2 Cm.):

:• ['Copper +0.0 - -"---!Steel +3.03 - -

Alumin= +0.02 - -[•Magniesium -40.01 - -

Lead-Indi__ _ 0.06 _ - -SLead - 9.74 -
Copper-Ber3liu - 0.05
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Table 13

CCOMPARISON OF TIE O1DAT1Ct STABfIITY C? DI-2-rTW.1' L SERACATE AT
347oP. IN ME 1PRESP NCE OF COPPER AND COPPER-BEMULM

EZST PROCEDbOE ANI TECHNIQOES IN ,•O.CF•OC VITH BPEC. MIL-L-6387.
,Eo. COOSITIONS INCLE,•D: TEST TEM0ERATLE.U - 3,7 -3F.; TEST TIRE AS IhOICATEO; AIR RATE - I0IT I

LITERS PER HOUR; T EsT FZLW CaqEDRE - ICU I!..; CATALYST - A I 10CR SOWU2O
EACH OF TEE PETALS INDICATED.

ES! 1`10I0 - -- 01-24 TNYLhfXYL ZEB;0CZ ii L U;, r,7 -I % fiIAZIKC CONC., WT.$ 0.1 0.1 . 0.5
TOTAL. TEST TIME, hOS 07 40 07 30
APPROX. STABLE LIFC, YOU•S 20 30 214

TEST TIMlE BEYOND STARLE L-E HORSS 7 IA 73 70_____'Ii I COARS IN VISCOSITY
AT I5STF. -12 .17 .10) 481
AT OTF. .00 +42 +272 .22n

NEST. NO. (KU. KOO/HO. OIL):
ORISIIAL 0.1 0.1 0.1 0.1-
FINA. 7.0 9.3 36-. )6.9

A.S.T.II. UNIO1 COLOR:
CR IS;IAL " 2 2

SFIKAL ;1 :>8 :>a >8

FT$OIR S OL. L MAAlY TCERSIAL0.I01H'1.S' ' ' I FINAL. CATALY¥ST ¢G1KOITtOIl

APPEARANCE
COPPER CULL - CORRODED
COPPERPU•BMLLH: - DU1.L. - COATEO

LI. LmS. (5.1S5. CII.)
COPER I0.12 - 0.21
CPPER-ECRSLL j - .0.•2 .
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Table 14.

SMH STMIDES OF TIVE =IFFIOT OF COCP273B-SS3IYLUM ON OXGATIOH10 AMO
COSROSICH PROM~TIE OF VARIOUS FLU1IDS AT 347*F.

TEST FROCE SSE A02 TE NXI4IA IN 4225024020 WITH SPtC. MIL-L.-63$7.
TEST 250522 19M0 ZECSJ: TEST TEMPEATRETS -347 - 3-F.; TEST TISM - 2 FOURS; AIR RATE - .0.: I

LITERS PAR 46R0; EATSIOT- A I 11.20 305024 EAC; Of 2245. lINICA-EF.
TEST FLU0ID: PlT 3207 M 04 T.% 500TIT 1% Dt-2.ATT--LOZSSS SEBACATE.

0511 3161 E 204. N2044-1803 TYPE P2.111D ý0=AMA1IES 5.0 V4.% TRICRESY PROSSOETE.
P- "4.313.2 ONECIALLT 02?)W 400ELRLOS:CAX1T CONTAMING5. iSS 7IRE

P52. 3207 I P01. 3161 002. 3713 A 33
P-011CH 5300 1541CH 59y~

Lia Los-,2 26 .4 32SS 2 23 4

E0I102 o il) 0.1 0. C. 0.2 7.2 5.1 5.:1 ST~*120120 1.5 1.4 2.2 1.5 7.4 0 5.

;AGIL2 2 2 2 3 3

WT1 O SI s.LULE hATEOIAL 0.3 0.3 0.2 0.1 0.9 1.9 0.3

lAPPEARATCE -

2022CR DM. - OML - 2005E
LL=*.1 DULL. - RLL DULL0±

4 ~ ~ KGSL20UT DU1.L U LL . - DL
*~ ~~~~~V LOSS10 O. - OW R050

CO1.2. S '0m.05 * 40.02 27.0 -p00

MUMMER .0.02 .. 5 - 00
STEEL 40.032 '4000.005I I - 0.2 -

25.0010 1g0.0 _1 0.02,;5 000
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THE E=FEC OF VAROUS METALS Oh rh-Z W DfATIO1 AND CORROSIONPROPERTUM OF DI-2-MMY1101XL SEBACCAT AT 500-F.

TEST PAESE3PSE A M TEHIESIAS MS AMMASSO WITH SPEC. IIIL-L-6397.

TEST === I IEESTS4ESC TEST TME4PAIMA - 500 . 5-F.; TEST TIME - 2C ETTElS; AIR PATE -

5:t ..5 LITERES PER REST;r TEST FLUID CEASESO - 100 HLO.;
CATAI-YST - A I ICT MTAR.E LACH OF TEE METALS II'ICATEO.

'EST1101 0.5VT4.fPXERTTIIAZIII IN 01-2-ETRYL-

t~TKATI.RC SEACT Q

IAPPROX. lATES-T 02 SUP?,IED, MIS 26.2 26.2 2 6.2
APPOES. AmmTO 05C-2UE, Gr..III 5.0 4.6 J 5.2

AcuEs E 02 CUR/nE -FLUID (426 605.02) 0.26 o.6s 0.71

%COSTRG IX VISCOSITY

AFTER REMOALVM OF OILSOLUBLE2L p.ATERIRT.'2)

AT I~5vf. +4 . - 1

MEUT. IM. (NT LOS/AX. OIL):
04101141. 0.1 0.1 0.1
TIM01 13.4 1C.6 7.1

VT.%, OIL INSOLUBLE P'TEO-IML(2 0.1 0.2 IDA6
WT.% IS=ESrT= :3(MES0L PATERIAL(S) 4.0 3.6 11.2t

FIVLOT CATALYST COOSITICO

COMPR ETIL - -ot.I

WAPER 0.10 -

-CTULSL 0 0.07 -
hCH.II~T M, 0.00

LEOAD ~_ _

C7AJTEXT ISTAC SUPPLIED CALCOtATES A3 P015S.04 AIRl LATE (L./AO. AT S.T.P.1 X TIME (bO.) X
0. CONTEAT (PSELIOX) A 1.43 (M4.LITER). !F,.MET CF 052500 '=Mtl DETEOTIITD BT ONEOUEOT
SIStLiNs Of EXIOTT CUSES K-00 ACSLTIS P504 O2.

(2) OIL InLSELOTE I4ATEAIT1. IT EATEIC Of ClaRRI F=IXS 00101250 FLUID IIPMOIATELT AFTER COMPLETION
OF TEST. SIC OIL. IIISALIJL APERE =MC WITH A LOW $31LIsr. PETROLEUM ILPM ASE SO &105 E B40EFORE

(3 .TAT IS =:COTC ' CASETE TCIPO.- IS REPORTED AS T02 504 OP TOE CIL INSELOTE MATERIAL AND
TIE ISOPEPTAME INOUSLOAL MATERIAL. ISOPENTOIL IINaCO01. MATERIAL It. CSTERMIKED B OISS01CLV-
INS A TKPPEt Or ERICIZED FLUID0 V"ES MlCH OIL IOSTOSLS HIVE TACO P205500) 11 ISOPENTAX
AND WEIONIRS IRETTLEA MATERIAL. VlICF SETT RS OUT.

.1 ~ W n-DO 55-3O-- -39-.



Table U6

THE EFFECT C& A COPPER-BERYUiI4 CATALTS7 ON TH3 OXIDATION AND
CORPOSION CHARACTEUSTICS 0F A NAPAINEIC

=1r,6 HMIPL OTT AT 347'F.

A= :lO n-r ;YI" nconASSOcO WIrh 01. NIL-, -6337.
182, COISITIOOS IkCtESE: -Sfw TEAi?ECMS6O - 347 - rf.; AIR PATE T 104t I LITERS PE.R 1100;

TEST 1lIK -r 70NO-qS; TEST FLUID CIIARGE9 -C 100 r.; CATALYST - A
I INCH051 $22M EAZ--1SF T.2 IVASICICATED.

AN!-XI'A.,WAI AUIOIMO 22465+

J 0 0.JTSTAC0 MSPWHITE
LIQUIID OS.S,WT.$ - 0 j 0 1 0

AT 13OF. +45 -23 .18 +2 .

AT VF7. -202 -117 -51 +0 .

XEUT. 10. WII. EO"Ij4. OIII:0.
CUIGIRAI. 0.1 0.1 0.1 0.)3 .
r1255 4.6 6.6 4.0 0.9 0.7

IA.S.T.II. UNION COLO0R:~1I ORIGIOAL 2 2 2I
>1 >8 >A R )

:i..% I (Vo. -. ~KS20ATERIAL 1.1 1.40 o2! 1.6 i.3

FINAL CATALYST £002 1210

00110R-.OERYLLIOm - 02L MULL1 - COATED
COPPER 802020 COATED
STEEL - O5L- DULL -DOLL1
ALUNIM gaU CULL - 811080

WT. LOSS I NO.150. 08.)I
I COFPSDELt8RTLLIUI - .02 O.O - .D.35

&=1188 0.24 -.4o

_________ j00 0.03 - .0.4)

Yk T o.ni5,ý-3O Pt3 -4,0-



lubricants of the types-evaluated. This effect appears to be intermedia,e
between that exerted by metals such as copper and bronze and that shou-n
by metals such as steel and alu=snus. The copper-beryflius alloy does
not appear to be affected adversely by the typos of hydraulic fluids used
in this study under the test conditions outlined.

ot E.tng HIGH TXPZRMATUBFH BAULIC P- M . One of the deterrents
So testing bydra---•c fluids and hydra"lic system rmpon,=.ts -t el'-ated

teaperatures is the current lack of an adequate high te=perature hydraulic
* �--p,= to eirculate the fluid through the system. There are indications that

with -=rent aircraft hydraulic pumps, operation at temperatures of iO*F.
and -,i.sr may rz-z.st in mechanical problems which retard or prohibit fluid'
t.szinj. Sany nf' the mechanical problemsz In Strcraft hj,.anliopirs-. at
high tem-peratures result. from differential metal e-xpansion and seal- problems.
As a reralt of these problems, high teaperature -m.p testing must-be=-done
with other types of nydrailic pumops and/or by indiretevi .eaiati6h-uiing-
current aircraft puaps. Both-of theie approaches to the prob)em have-been-
studied by this Laboratory.

A discussion of the indirct testing tetiicques in i.Vicicers
piston type aircraft hydraulic Op-p is fo'nal in report PRL 5.8-Sep53.
in this stuay, the viscosity, vlatility, and lubricity levels of ester-
bass hydrannlic fluids end lubricants (Specs. MlL-L-7M~-and -MIL-L..6387)
at .00' to 6O'F. were matched using hydroaerboo-base -fluids~at.lO0*
to 1O'F. Also in this study, Vickers Hodel 'P-17-3911-lOZEL pist c
purps were found to operate atisfactorily at 2061F. iM-3000 Wp.s.i.
with fluids of one cenis.oke iiadosity-and with otherp-opertiies matching
the diester fluids and lubricants ita5O0o 600-F. These data indicate
that. a Vieckers piston pum.p AMU operat.4 s!atisfaictorily -Aith fluids of one
centiatoke vcoiy Thus, Jit -appears thit-=mst urgioalasM mechanical

* ~changes tso cczsjensatefotmpaixzefcs e ~ieb~ixihatno
maior_ change in tooecs'*-deaigtieahe:rbearzinrg load-
ings, would be requared overd cuIreo.del-p•sojs• operate at 50 -to
550F. with currant dibaosic-acid esterhydralic:fluis--and- jet. en•ine
lubricants. - .. . ..

The current studies are an extension-cf-ihie abqvq worik to-an
actual -o.. --up •ydraulic system in which all of the66-p; zts, -n.lbeing
"the pump, are operated at temperatures of 5001F. and hig.r. -

1. Desieqn And Constructiom Details of the Hixh Tusoei~ature
Punp Test Stand. A flow diagra of the high temperature pusp test stand
is shoim on Figure 6, The system design is simple and the high pressure

I' |portion of the cycle short. The entire test unit, with the exception of
the pu•p, 1s3 ounted inl a 7 by 38 by 45 inch box which consists of an
angle iron frame with 1/4 inch Transite bord sheathing. This box serves
a two-fold purpose. it protects the operator :-om the hot oil system and

'1 from hot oil spray in case of a hydraulic line failure. IThe Transite box
alvo acts as insulation for the test unit. With the exception of the oil
heater, -there has been rm attempt to insulate individual portions of the

" system within the Transite box.

,t.R W T55.-30Pt 3 -41 -
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The hydraulic pump is surrounded by a separate Transite box t.,
act as insulation and protection for the operator. The hydraulic 'Lines
(about 30 inches long) leading from the pump enclosure to the larger test
syste enclosure are insulated separately with asbestre gauze. The test
unit is located so t;'at either of two pu=p drive units can be used. The
'mits consist of one two-speed motor with a pvwer output of 5 horsepower
at I=0 r.p.m. and 10 horsepower at 3600 r.p.m. and a single speed motor
delivering a power output of 7.5 horsepower at 3600 r.p.=.

Te igh pressure portion of the cycle extends from the pump
to the high pressure orifice. This test unit has a double bypass sye.=.
Z..h % '-l 1 and 2 (Figure 6) in the open position, the pump flow is
d'rectel iAeo Wt t n reserveir wit-out passing throuigh tVrs r .rinder of
the test ystem. lTat i, with both valves 1 and 2 open, a pump rate

can not be measured since the system flow under these conditions does
not pass through the orisice used to measure flow rate. With valve 1
ý "os-d and valvt 2 open, the fluid i.s bypassed around the pressure load-

ing orifice into the normal test cycle. The discharge pressure of the
p=up is measured by the pressure gage located in the loading orifice
hdlderjaeidiately upstream of the orifice.

-Ihelhs-at eh. -=. - cr I-C, the p
4

, test system utilizer a bed of I
fluidized solid.. Construction details for this heat' exchanger are
shown' on Figure 7. A wirin diagram for the heat exchanger is shown

Sigure . The fluidied solids bed consists of the annular space
betwe-u the 10 Inch steel pipe shell and the four inch steel tubing
duchmy section. Tk concentric coils of. 1/2 inch stainless steel tubing
un to a 6 and 8 inch diameter, respectively, to give a total of 50

U~nei Ztee of tubing, are located in the fluidized solids section. The
botthm of the luidired solids section consists of a porous brass plateto allow the fluidizing air to pass cnrough. The fluidized bed is f•!ed

to-a height of 16 inches with alumina of i00 to 150 ticron size. The
exhaust air fro the fluidized solids section passes-through a cyclone•

precipitator to-rasove the entrained blumina particles. Fluidizing air
is metered into the bed at a rate of_-3 ehbtc feet per minute.

Ten 500 watt strip heaters are cLmped directly on the outer
shell of the fluidized bed. The distribution of the heaters and the 'I
wiring diagram for the heating circuits are shown on Figarc S. e -1

heater controls are designed to give continuous 'variation" between 0 and
5000 watts heating capacity with reasonably even heat distribution over
the outer shell wall. The entire heat exchanger 3-s insulated with one-
inch laminated asbestos paper. There is a one inch airspace between
the heaters and the asbestos insulation. Provision is made for measur-
i I the temperatures of the fluidized bed by means of iron-constantan
thermocouples located on the heating shell, in the fluidized bed midway
between the heating shell and the outer coil, and in the fluidized bed
between the two concentric coils.

The temperature of the test oil from the heat exchanger is
measured at the outlet by =eans of an iron-constantan ther--ocouple.
The oil flow from the heat exchanger passes through an orifice and
filter and then is returned to the reservoir. This second orifice

WADCTR 55-30 PL 3 - 42-



is a sharp edged type used to measure flow rate. The pressure drop across
the orifice is measured by means of pressure gages located in the orifice
case immediately upstream and downstream of the orifice. The filter ele-
ment is constructed from 80 mesh stainless steel screen. The reservoir
is an approximately one gallon capacity section of 6 inch diameter Pyrex
pipe. The temperature of the oil from the reservoir is moasured by means
of a recording thermometer a•d reported as pimp inlet temperature.

The heat exchanger and orifice flow meter represent a marked
dep.%rture from the equipmeint employed in the other PPF. pimp test stands
WhiCL have been described in previous reports from this Laboratory. The
res._-n5 foe- +'' -hoice of thest units and their operatizgr characteristics,

ri ~~tha. _:'r- deser-2r further ccsent.

- * The high temperature pusp test stand-is designed to simulate,
as far as possible, the situations existing temperature-wise in actual
operation. Therefore, care must be taken in thc manner of heating the
fluid in the pump test system. This is particularly true in the range
of 400* to 5OOF. bulk oil temperatures. These temperatures are close
to the level of incipient thermal instability of many of the synthetic
lubricants. Oxidation stability is critical in this temperature range
for both mineral oil- ard ester-type fluids. The *Pse of electrical
i-sersion heaters in direct contact with the fluid has been found to be
generally unsatisfactory. Even with forced circulation, the surfaces
of the electrical immersion beaters become sufficiently hot to cause
local thermal cracdin•g of some synthetic lubricants even though the bulk
oil temperature is controlled at 50 to 15"'P. below the point of thermal
instability.

-The use of a heat exchanger of the type described eliminates
or minimies this locall overheating problem. The usee of a fluidized
"solids bed heat exchanger reduces the fire hazard and the sealing
problems norma.ly involved in a liquid or vapor type heating medium.
The fluidized solids bed exchanger is competitive with liquid-liquid
heat exchangers in terms of overall efficiency and heat transfer coeff1-
cient. Data on the amount of heat required in the heat exchanger to

- r~maintain various test temperatures in the pump test system •re shown or.

Table 17. These data arc dependent on toe energy input to the fluid by
the hydraulic pump. The thermocouple temperatures listed are for the
indicated thermocouple locations on Figures 6 and 7..

I j The flow rate is measured by the pressure drop across an
orifice in this high temperature system. Flow diversion to a graduated

I] cylinder and the displacement type flow meter have been used to measure
flow on low temperature ML hydraulic pomp stand system=. The flew
diversion method is undesirablo at high temperatures because of the

* ,hazard to the operator. The use of displacement meters is undesirable
at nigh temperatures because cf the increased system holdup and heat
loss involved.

Two orifice sizes have been used in this study. The cali-
bration curves of flow rate versus pressure drop are shown on Figure 9.
These two orifice sizes cover adequately the range in flow rates
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obtained with the Vickers vane power steering pump. The orifice flow
meter is essentially independent of viscosity. Viscosity is only a
0.2 power function of pressure drop in turbulent flow through a sharp
edged orifice. The use of the orifice flow meter has proven to be
satisfactory for these tests.

2. Vickers Vane Wone Hydraulic Steorein Pu-n. The pi.np used
for these 500*F. tests is a Vickers model. V-14-lW0-Z.-75-10 vane pen-p.
This vope of penp is ccmmnly used in automotive hy'draulic steering unite.
This piqp has a displacement of 4 g.p.m. a't 12DW r.p.m. This- is a mass
produced. industrial type, pump consiating of essentially all steel parst.
The conflgairation of the wearing purts of this Vickers vaun power steering
punn are zhzzun in KCi=cs 10 and 21. The indicated penp par.s are
identixiaý :;n Table:.e

sad rIg esenith thetwvalveg partes on ehithe u oside ofte an ringte

seaase parlt, inigre U Wen the pecnp vlepaeis asne ithegralatv position,
ofd thrmsalve plate of a igwihrsett the penp body L.Tee at i argetdeer-i
mined by-ito removabl-e pitos (K) vanch are situated in the plliptbodyand
sarex cdaml prang with ahart.o vale pints pon eitthersieougth corecnding
hols soain thecaurin and into the v~ salve- p lae. ah crnequtne, ýo ino
reaiof oeet ewe the valve-plates and cam ring wtrepctoherpbocuars. etr-T

mie ytheo asemovbled pe otins (K)- o'-h re iuated "0ing she l pupbdyn

which are designed to eliminate oil leshege from the, p--p. One ring

a recessed groove in the cover ind seal. the pump bet%;hen thle cai: ring
and the pnp cover. In addition to being hydraulically loided, the p' I
is spring loaded by the control valve assembly and spring (C) wahich is--
contained in the pump cover and iihich forces the valve plate (3) against
the cam ring. The rotor-and can- ring are so.46igne:i LhAC as the rotsii
rotates in the elliptical cam ring, the centrifugAli actiom forces the 1
vanes out against the inner surfaze of the cam -riftg. The vanes are
subsequently extended to their maxinenu position where the radios of the
ellipse is a maximum. Conversely, the vanes extend out of the rotor
the least when the radius of the ellipse is a mainimum.

The valve plates and cei ring are so plated with respect to
each other that the change from minic-m to maxiers radius of the cam
ring coincides with the valve platle inlet ports. The change from
maxmume to minimam radios of the can ring coincidea with the valve
plate exit ports. The radixis of the can ring remains constant between
posts.

Tne control valve assembly contains a spring load~ed pressure
relief valve which normally opens when the pnp outlet pressure reaches
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700 p.s.i. and allows fluid to be by-passed from the pump cutlet to th,
reservoir. However, for the series of teAs discussed in thi.s rep.-t

, the by-pass port to the reservoir was plugged (T). In other words,
although the pump actually contains a pressure relief valve, the system
was so constructed that the valve could not operate.

IThe rotor is driven by the drive shaft (S) which is mounted
in the pump body and is supported by two bearings (N) and (P). The
-trive shaft seal assembly (0) consists of a spring loaded lip type
"robber seal in a stamped steel container. The rubber member fits snugly

SI on ';he drive shaft and elimitates oil leakage from the pump to the atmss-
. pher, along the drive shaft.

The u2:--aticn of the pump is as follows: £.iuu enters the

•-i puP a r-ilet port (H) and is drawninto the pump unit at suction line
pressure through two ports in the pump body. The pump body inlet ports

p �c--xnicate with a retessed portion of the valve plate (E) through three
ohles drilled in the cam ring (G). This enables the fluid to enter the

pump unit ofrcm both sides of the cam ring. The vanes are forced out
against the inside surface of the cam ring by centrifugal force generated
by the rotor which is revolving at the driven speed of the pump. As the

Ii ivanes move past the valve plate inlet ports a portion of the fluid is
entrapped and del-vered to the discharge ports in the valve plate (E).
71,t fluid is subsequently discharged through the pitp discharge port -(F)
to the external hydraulic system at full line pressure. This vean pump
was chosen for use in evaluating high temperature fluid. for two.reasons:

.-first the pump parts are all steel and are loaded hydraulically.and centri-Sfugafly, i.e., there are no fixed clearance parts in the•umping mechanism;
and sccond the Vickers V1O5A vane pump of similar design has been used
successfully in the ;-st by thi•"Lhboratory as a lubricity tester.

3--. ?u.m Test Results. A tot~al of 29 tests have been conducted
with the Vickers vane pump in the high temperature pump test stand. Tests
1 through 14 are essentially exploratory tests using high quality di-2-
e .sthylhexyl sebacate and mineral oil compositions. A s:ary of these
exploratory tests is s-hown on Table 19. *he scheduale followed in pump
part replacement is shown in Table 20. The test data on Table 19

represent a total test time of 72.5 hours at 5W"F., l Lurs abo-.a 4ORF.
and U15 hours above 300*F. These pump test data have been obtained with

I •both mineral oil and ester co--psitions. The property chaziges in the
fluids during the pusp tests are shown on Table 21.

I 'ITests 1 through 7 evaluate the operational characteristics of
the pFup under higp temperature conditions. In addition, this series of
tests has been used to show the effect of pressure, temperaturi, and
fluid viscosity on volumetric efficiency. This series of preliminary
tests indicates that this Vickers vane pump will run satisfactorily at
temperatures up to 500'?. and.pressures well in excess of the maxJbum

I L rated pressure (7300 p.s.i.) with high quality ester and mineral oil
compositiozs.

I ~The effect of system temperature on the volumetric efficiency
of the pump is shown on Pi.ure 12. These data show essentially no chsnge

WAD. 1 55-30PK.4 -1.5-



-i

.l

Figure 46 -i
PLOW DIAG.PM FOR HIGH TEPEATURT PW.P 'T STrAI

+ 'ii

IFF

I 
--

0

•I 
~~TO M•T MUNGEXRGl

L|

Flow DUagra:m

F - FILT
2 - RIESERVOIR

Do-l - ORIFIZ.E ANg ORIFICE VIOLCE-R FOR IKASURIPG FLOW RATE

W• ORIFICE MOD} ORIFICE[ iOLOEC [0,2 11IfNl LOAD 03 SYSTDI

INTA D TR 5 5 -3 0 P t 3 - 6 -

- - :I



-Fig~re 7
CctNS,ýthUCT0iu Da"AIIs OF~ FLMUM --1Zf SLDS BD MT MEl CHMGERCRIOSS SECTIOA CF SIDE VIEW•

SCALE - I INCE - 5 IN OES

i.- L PIPE

=• •..p+ INt (.---I- INCH ASa•ESTO.S IhM'•ATIOM-

0~ 0

'IN-_it] ++ a Inct- no. -a11i

: l ao I•Ti
00 '0 -0 0 M SECT+ION ,STcE•ftUINS)

"/ 50 IT.- O if h12 INcH
-T=AI.LESS STEEL !;,BING

01 . 0 MA OSIS s PLAT-.

I7 - F--C:t MM-DIMPLE SILVER

-a". sMOoa 0c to 10INCH PIPImtlrT,71 -I t fe .S-cn THEIRMOCOUPLES 130

•IRCRES LOWG COVERE WITH

STAINLESS STEEL USING

= 5 t



; - t t

II

I

* 0: - l li +-

,¢t-I

!--

0 ..%



Iii

USATfl~T FR OERAIONTable 17
IGTI U NI FO OPEAINa THE HI1GH TW6ERATURE MPL TEST

UNIT UNDER VARIOUS CONDITIONS

' m FLU, FRO, PO -----1.KE,9-AT2E- -
TEST IP~vZS220, RATE, T0? FONP I <_ t......2.-......
""o I ' I. .'. ..P.M.AI " I ?T,_ I A ETI Y2 O `1 I1 - 74 1

t , 0oo 4.0 230 490 517 •1

2 460 3.7 o06 0 106o 0

3 535 2.6 1235 1200013M5 490 50 51 58-69

Li6 1 too 2.1 2540 0 125403~ 10 54 53 5134715
9 -750 1.8- 1730 [;Wo 323 500 520 536454 15 36

IC low 2.0- 2P 1% 303 500 5"30I32 1496 1496
11 70 2.0 1610 I 913- 3so 10 " 50 5 3 55 57"109 1500 500 514 517' 5 55-

i!•. -,l)HET INPUIT FRPOM P CALCITATEO AS FCI.LL04S:

I (VATTS) - 0.435-(COYEmSION F=II )-X PIS (P.S.I.}A FLOW PATE(N.P.-.)

FOR TIHSE CALCULATIOINS THE MEAT GEROIATED Et! TO FRICTION IN TIE HAS BEEN NEGLECTED.
A YVALUE O 5.3 G.P.*. WAS USE0 F0R THE FLOM f 11MT "INTISE CA.CL.A-1, S; THlS VALIUE IS TIE
MAXIMUM PLCO RATE WHICH = 2201 COTAINED VITS T.1 VICKERS yAX Pm3 wHICs WAS USED. TIE

i •E " PFFECT OF PIRSSUR ON THE Y•,20•TRIC TFFICIEXCT OF TIC PUMP WAS NO uISIDERE0.

(2)f r-4 - TEMP'.RA1% M'EASURED AT OUTLET FPOI •EAT EXC£5AL2MR.

2 - TEIMPERATURE MEASURED IN BEAT EXCHA•A•AR E•C..1 COILS;

T; -TEl0TR0TUIN EAUC 0iA02 HEAlOT EX00A0000 BETiZ'I 0.14CTE COIL APO 0REA. TICKA3S0ER SHELLE.

~ Ii TI-T6I?0TPERTE MEASURED0 04 THE HEAT 110600500t SHELL..

(SEE FirOOICs 60A00 7 foo TEEIO450002ES L,,ýTi0ss).

- -ADC TPR55-30 r, 3 -49-



- I

I-\k I

to 
--

0ACT 5 0 Pt 3[0



IIS z/

V - 5

a ,

I -I

W A D C i• 55-30 • 3 
5 1



WAI3C 'TR 55-30 Pt, 3 5



Table 18

aCZLATS OF PARTS FOR THE VICES HODML
VT1-4O0-4•O-75-1O VAX3 PLNP

Srnbol Part Description

A Cover

B Body Bolt

C Control Valve Ass=bly and Spedng

D Pip Body Seal

z i,,-Valve Plate

,F P 2 Discnar•- Port

G Ca Ring

H Rotor

! JVanes

S•.K Pin

LBody

M P=:p Inlet Port

N Drive Shafi Bearing

0 Drive, Shaft Sal. Ass-.bly

P Drive .--ft Bearing

R Snap Bin;

S Drive Shaft

I � P=p By-Pass Port

U Area of Ya~xim= Wear on the Valve Plate

V I. Area of Haxinire Wear on the C4n Ping
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in ,olt-etric effic-en--y eiuh lzcr=Ld te=peratvr-. The effect of
pressure on volumetric efficiency is shown on Figure 13. This Vickers
"vane pFp chous a relatively large change in vooumetric efficiency with
inereasing pressure. The effect of fluid viscozity on volumetric effi-

t ciency Is shoumcriC Figure 14. These data indicate that the effect ofviscosity change and pressure change on flow rate is much greater for
this Vickers vane p=p than for the Vickers aircraft type piston pump.
The crobined effect. of pressure and viscosity is illustrated by the two
curves on Figure 13. The extent to which the volumetric efficiency
versus viscosity and pressure characteristics can be --proved by design
changes is not known to this Laboratory.

The lub-:1-ity characteristics of the fluidz e-•rn•tCd at 5*F.
may be estimated from the average .-ane loss during the tests. ThisSLaboratory has used previously a Vickera VI-05A type vane pu-p as a[ lubricity tester. The use of the Vickers V1O5A vane pump as a lubricity
tester is discussed in detail in reports PMI 3.30-Feb47 and PRL 3.42-Jul4
issued by this Laboratory under Contract NOrd 7958 (Tas: B). These data
show that lubrication of the vane-cam ring bearing surface is improved
by increasing fluid viscosity or bry the inclusion of tricresyl phosphate
as an anti-wear •dditive. The basic vanne-ca, ring bearing area in the
Vickers V1O5A and the Vidcers vane type power steering pump are essuntially

I the same.
L lWear studies with the V1O5A pump indicate that inadeqvato lubri-
* city results in vane and cam ring wear. In general, the major portion of

the wear from a poor lubricant is ieted as cam ring wear. When cam ring
wear becomes excessive in the V1O5A vane pup colloidal metal particles
ar enoted in the teat fluid. This same behavior has been noted for the

e vane type power steering pump at 5C0*F. The V105A vane pump
requires a mineral all of about 25 centistokes at the tesa temperature
to eliminate essentrially al wear without the use of anti-wear additives.
Thus, -. would appear that good lubricity in the Vickers vane pup at
elevated temperatures would come from the use of chemical aiti-wear addi-
tives. The data in tests 1 through 6 indicate that excellent wear values
result from the use of the di-2-etbylhesyl sebacatc t7p_ fluid containing
1.0 weight per cent tricresyl phosphate. Moderate wear is noted from the
5D)*F. tests conducted with the PFR 3457 mineral oil conposition contain-trg 1.0 weight oar cent tricresyl phosphate.

The same relative wear results between the ester and mineral
oil fluid are shoeba by te-'s 11 and 12 in %hich the test times have been
externded. These lubricity differences between the mineral oil and ester
compositions, both containing 1.0 weight per cent tricresyl phosphate,
appear to be due to the elevated operating temperature. Data are avail-
able to indicate that adequate lubricity is obtained from either the
mineral oil or ester compositic-s vith 1.0 weight per cent tricresyl
phosphate to produce essentially no wear in the Vickers vane type pump
in the te=perature range of l100 to 200"F. The apparent difference
in lubricity between mineral oil and ester compositiens at 500'F. w-il
be investigated further.

Tests 7, 8, 13 and 14 were corducted to determine the effect
of chemical polishing type liuoricity additives on the p=p parts showing
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I.I
moderate wear. These four tests are relatively lcw temperature tests
in the range of 200* to 350*F. Test 7 was conducted with a highly
refine nhthenie nlineral oil (3.5 centistokes vi•scosity at 100°F.)
containing 5.0 weight per cent tri cresyl phosphate. The pressure was

increased to 1200 p.s.i. to achieve the same severe conditions of vane
on cam ring bearing load as those under which moderate wear was notedS•in test 6. R/miation of the vanes arnd =.• ring after test 7 indicated
trat the wearing surfaces were polished during the test. It is interesting

to note that this marked change in wearing surface appearance occurred with
essintially no weight loss of the vanes. This is the expected result of

I chemical polishing with certain types of organo-phoo-phorus compounds.

Tes ; coprises zanother attempt to evalua!e a more active
,aemical polisning agent. Alkyl acid phosphites ha-.,e the same anti-wear
activity as tricresyl phsphate in the four-ball wear tester. Thte alakyl
acid phosphites, however, can be used at a much lower concentration than

ri[ tricresyl phosphate and the effect extends to higher loadings in the
.•extreme-pressure range. Test 8 indicates that di-2-etbylhexyl sebacate

containing 0.5 weight per cent of diethyl acid phosphite is also a good
.anti-wear additive and does not show signs of chemical erosion in the

* Vickers vane pump. The vanes after test 7 appeared to be highly polished.
There was no change in this appearance after test S.

In test 13, the ester blend containing 0.5 weight per cent
diethyl acid pnosphite was used with the worn va.nes of teet 12. Visual
evaluatior of the vanes and cam ring follcwing test 13 indicates that the

I vanes are highLy polished. Weight loss ,aluei indicate that the polish-

I. ing was again accomplished without appreciable wear. Mat is, the effect
of 0.5 weight per cent dietbyl acid phosph.te din 4-2-cthylhexyl zeb--ecte
and 5.0 weight per cent tric-.ro-l =bophae in a low viscosity mineral oil

'I apars to be the sa-e.'

In tests 7 and P•. rate fluctuations were noted during the
! • course of the test. In bo., cases, these rate ch ages resqIted 5" -

net rate increase at the conclusion of the test. These changes in rate
are attributed to the chemiczl polishing action in better -ating the

1 !vane-cam ring bearing areas.
- 4. Effect of Tem.erature- and Fluids on the Pr=p Parts. The

,eplaccaeyi schedule of pur. parts is shown on Table 20. It can be noted
fromn these data that essentially ný mechanical failures occurred during
this series of tests. The major portion of replacement parts consists
of the rubber seals. The rubber O-rings and shaft seals are standard
Vickers replacement parts. The type of ru, zer used for these parns is
not known to this Laboratory. There are two body szai O-rings, one on
each rde of the cam ring. These seals had to be replaced after each
500F'. test, only if the pu=p was disassembled at that point. That is,
-in the eases where only one seal was replaced, t~he pump icas disassebled

by breaking the cam ring pump body seal on only one side. In the tests
requiring two body seals, the cam ring was completely removed from the
pomp for examination.

This same behavior was noted with all of the static rubber
seals. That is, a: long as these seals were left undisturbed, several

WADW TR 55-30 Pt 3 - 55 -



500°F. tests cculd be conducted without troublesome leakage. In several
cases, it was noted that fixed seals which did not leak at 5D0°F. would
allow somee fluid seepage at room temperature but would again seal satis-Ii factorily when the temperature was raised to 500°F. The rubber seals
appeared to be in better shape after the 500*F. test with the ester type
fluid than with the mineral oil. The seals taken from 500oF. tests with
mineral oil- show evidence of a severe compression set and increased
brittltvne The seals from tests with the ester fluid still show some
piiabiiD.ty and robber-•-4ke properties.

The shaft seal in the Vickers vane pump comprises a steel shaft
rotatir.• in b m ip" typo seal. it can be noted that .this seal
has onl2, been replaced 3 times in the 14 high temperature tests. Tma of
thes, replacements hAve occurred following tests with mineral oils and
the third following a complete dismantling of the pumP to replace the
shaft bearings. No cases of severe shaft seal leakage occurred during
this series of tests.

It can be seen that replacement of the metal pump parts as
been quite limited. The only pump part failure noted in the entv
series of tests was a shaft bearing-failure in test 11. This fai re
was not complete, but incipient failure was indicated by an inc. ase
in noise level during pomp operation. The increase in pump noise is
responsible for the incremental dzrcr.-=-- pressure starting after 12
hours of test l1. The pressure of the system was reduced to lessen the
abnormally high noise level and vibration. It is interesting to note
that while half of test LI was conducted uncer ccnditions of high noise
and excessive vibration, the wear of the vanes is very low and pomp
leakage through the seals was not excessive.

""inaticn of the. two. shaft bearings following test 11
indicated that one of these bearings was becoming "rough"- Both shaftR bearings were replaced at this point. The bearing showing incipient

failure was disassembled and c==mned. This bearing showed no clear cut
reasons for incipient failure. It is believed that mechanical failure
from high temperature fatigue may have been experienced here. The bear-
Ings are not designed for high'temperature use.

The can ring, valve plate, and vanes which were removed from
the pump after test 10 were still in satisfactory operating condition.
These parts were changed to conduct long time tests with new parts on
an ester- and mineral oil-type fluid.

It has been noted that the differential expansion problem
can be troublesome at 50O'F. It is extremely difficult to obtain

fittings in the steel pop housing on the high pressure side, it is
difficult th eliminate keakage. This leakage was eventually eliminated
by silvcersoldering the fitting in the housing.

5. Fluid Behavior in Preliminary High Tenoerature Pumn Tests.
One of the pria..-- purposes of a high temperature hydraulic pomp test
stand is the evaluation of fluid behavior under these mock-uo conditions.
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The property changes in the test fluids incurred under the high temperat~ure

test conditcons are shown on Table 21. Yt should be ephalsized that these
tests were conducted in the presei.ce of air. The more i=port•ant tep--erature
with respect to property changer during the teat is probably the disenarge
temperature of the fluid fron the fluidized solids bed heat exchanger. The
property changes shown on Table 7- are indjcdtive primarily of thermal
chapges. That is, the property changes noted, with few exceptions, would
result from subjecting the oil to a thermal stability test ae tne imdi-
cated maximum Test temperature for the total test time. Appreciable oxida-
tive effects would be noted by sizeable increases in viscosity. The vis-
ccitv ubanges (decreases) noted for the blend containing Polybutene and
Acrer id arc cf -he same order of magnitude as those o0 thermal steability

e.te, , of eqvant severity in test conditions. These data indicte
t!,at per--anent viscositv decrease due to shear is not accelerated by the
elevated temperat.ures.

M There is no visibla indication of sludge in the used fluids fr=
these high temperature pomp tests. There is some evidence of dirtiness,
or metal coating, fxcm both the ester and mineral oil fluids on the .nterior
parts of the hydraulic pimp. Non-rubbing metal -- rts in the pump tend to
become coated, or stained, with a light coating quite sd..la-. to that
noted on the metal catalysts ffo= high t-mperature oxidation tests. These
coatings are believed to be atLrIWiaFse, aL least i4 part, to the a"ine
tape oridation inhibitors used in both the mi.neral oil and ester fluids.i .There is same evid~eae, in the case of tbe =ineral oil, tha•t small =mouns

of sludge-like deposits collect in the pump body and on the wire screen
filter. Ln the =ot severe of the miner;l oil tests (test 12), this deposit
is not sufficient to cause malfunctioning of the pump or plugging of tha
wire scraen filter. A very slight pressure drop increase was noted over
the filter toxard the e=d of th- tes.t.

6. Evaluation of Promisink Hvdraulic Fluid Co=Dositto,e. at,
%D0F- Tnese preliminary tests in the Vickers vane power etee-,4g -,pom
test starnd at 500"P. were encouraging. In general, it appeared that the
reli•bility of this test vehicle is such that fluids could be evaluated
reproducibly without excessive extrneous mechanical difficulties. During
the 14 preliminary tUsts, a total pump test time of 337 hzxc was logrcd.
Of this total tire, about 73 hours was at 500"F. These preliminary data
irnicated that the Vickers rane pump could be operated to give reproducible
results at 500*F. and an operating pressuro of 700 p.s.i. A raphthenie
m iners, oil and a di-2-etlylhexyl sebacate composition operated =ucce:;-
fully urder these conditions for 2L. hours.

As a coanon test procedure for high temperature hydraulic f.'uLs
the following test conditions were chosan:

Test fluld temperature in the pFp = 53)°F.
Test tire - 4 nours at 500*F.
Pressure generated - 700 p.4.i.
Tine for pomp earmup to 5001F. from room temerature =

approx. 2 hours
Prebsure during p.=p uarmup - 400 p.s.i.
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Table 20
PARTS REPLACOTIM IN THE HIGH TTPERTR]SE PUXP TEST STAND

Parts Replaced Follo,.ing the Test Indicated

TetN. 314511 8 9 3 '1 2 132 ~

eody Seat Rings- 1 1 2 - 22 - I 1 22 ...

iadyes ----- 1 - - -

CaRing - - - - - - .... 1 - -

Valve Plate - - -- - - 1 -

"Drive -haft Bearings - - - - - - - ... . 2 - - -

Drive Shaft Seal a

Asse•bly -- 1 - - -,- 1 1 - -

Reservoir Gaskets - -[

Filter Case "0" R i g - - -

It has been noted that the rubber gasket material a-4 "0" rings deter-

iorate more rapidly when a mineral oil is used than when an ester ia used.
This is evident when the replacement list -bove is c--pared with the fluid
used in the test immediately preceding replacement. For example, excess!"

leakage occurs in the filter case dring mineral oil tests and in both
cases where "0" rings were replaced this occurred iixediately following afmineral oil test (#5 and #12). I

in all czses, the "0" rings in the pump body are more pliable follow-
ing a run usir.g an ester than following a run in whIic! a mineral oil is
used. This had also beae observed for the gasket material used in the
reservoir.I. 5P
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The test resuits for the various high temperature hydraulic fluids under
the above tcst conditions are shown on Tables 22, 23 and 24.

The data on Table 22 show the effect of the fluid on pump
opzrat!on. Vie parts replacement schedule is shown on Table 23. In addi-
tion tc weight 5o. of the vanes, the change in surface roughness has been
determined following several of these tests to illustrate further the
typve of rer obsez-sed. Surface rsughntess was measured with a Brush

fDevelopment Gompany surface analyzer. The two surfaces investigated are
the va.ve nlate 4d'l:h is hydraulically loaded against the sides of the
.vaes aid the cam ring against which the vanes are loaded by centrifugal
f-rne. "he maxirasa surface change- due to wear on the valve plate appeared
to N.-, •-•twecna -xý. inlet peort end the exdt port in the direction of
rctat!.-. oe the vnn-.. This portion of the valve plate is indicated in
Figure ll (U);.

le~orticn o- the :cam ring surface shoring maximum surface

roughness is thVportion tich-rommunicates directly with the inlet port
as indicated on i4gure 1, (Y). Only one of the two critical wear areas
is marke1t for the-cam -rng and - ?lx-e plate. The second area in each
case is 180 degrees frcA the first since the pump completes tuo pumping

,e.cjles in one revolutfon, Traces of surface roughness for the cam ring
aro valve plate at the irdicated are~a for several lubricants in 500*F.
pimp tests are shown on Figure3 .15 through 23. A trace or surface
roughness for the-new parts is shown. as F4rjre 15.

As indicated previously, both-mineral oil and ester composi-
tions gave satisfactoiy operation for 1. to 24 hours under the standard
test conditions chosen for Nrthei hydraulic fluid evaluation. Pump
tests 1- through 1. and 16 through 29 were conducted with differentbatche.s of pump parts. The.refore, stanea~rd test with the di-2-ethyl-

haxyl. sebacate fluid Is included in the~cirrent series of tests as a
reference point.

Test No. 29 is the reference test with di-2-ethylhsD l scbacate

containing 1.0 weight per cent tr-icreujl phosphate and 0.5 weight per
cent phenothlzinine. As indicated in Table 23, this teat was conducted
with tsrentially all new parts. The, results of this test are in good
agreement with the preliminary tests using the same test fluid, with the
previous batch of pump parts. The volumetric efficiency of the pump
shows a drop of apprz-mr.ately 14 pe- cent during the four hour test
period at 5006F. pump zemperature ar-d 5531F. mazimum fluid temperature.
I; can be seen Ircm the surface profile data on Figure 16 that there is

t a noticeable Increase in sarface roughness of the cam ring and valve
plate surfaces even though the vane wear gives indication of very little
wear. The vane edges bear against the cam ring and valve plate where

the surface roughness is5 measured. ,t-. attempt has been made to use the

surface arnayzer on th-.7ane edges to determine surface roughness. The
vane edge roog.ness cannot accurately be measured with the surface
analyzer used for thUs wor'k, because of the parrow curved surface of the
worn vane edge. It has been determined by trial measurments that the
vane edge and the mating wear surface on the caz. ring do have similar
roughness profiles.
WADC TR 5-30 Pt 3 -61, -



In previous studies with the Vickers VlO5A vane pump and in
this current study with the Vickers power steering pump, test data have
indicated that severe overall pump wear ca:, occur with only moderate
vane wear. Severe pump wear in the Vickers ViOA vane pump, ev-aluated
at lC0°F., generally followed a pattern of severe abrasive wear of the
cam ring with moderate to severe vamne wear. This severe pump wear was

, Iaccompanied by the appearance of colloidal metal (steel) particles in
%he test fluid. in iosi temperature pirip runs, it is possible to weigh
tie c=r ring and valve plate on an analytical balance with good results.

- In the high temperature runs with the power steering pump, weight changes
of t.he can ri• and valve plate are confused by the extraneous effc.ts
o. ,-.int charr'.ng or the outside surface of the cam rine and/or the

otenacious charred deposits on the outside ot
t,•e com ring oue to body seal leakage. The valve plate is also subject
to sludge deposits or coatings during the test. Thus, moderate to high
vane wear (>: mg. wear per vane) accompanied by the formation of colloidal
metal in the test fluid is conidered cevere or excessive wear. Moderate
vane wear (1 to 5 mg. wear per vane) without colloidal metal formation in
the test fluid is considered a tolerable wear level. Wear is considered
to be low if the average vane wear is less than 1 mg. in this -ataid-.rd
test, and if no colloidal metal is noted in the test fluid.

Test 19 was conducted to determine the effect of trieresyl
pnzsphate as an anti-wear additive on a phenothiazine-inhibited di-2-
ethylhexyl sebacate fluid. The test fluid for test 19 is the imme as
that for test 29 except that no tricresyl phosphate anti-wear additive

- 1 | ]was used in the former. Test 19, is indicated in Table 23, was con-
ducted with new vanes, cam ring, and rotor. The test proceeded satis-
factorily for the four hour test period at 50CF. pump temperature and

2121F. =a•i-= fluid d---raturc. The initial volumetric efficiency
was superior to that of the similar test (29) with tricresyl phosphate.
"The drop in volumetric efficiency of about 2D per cent during the test
is about the same as that noted for test 29. Moderate vane wear but no

-- j evidence of colloidal metal in the test fluid was noted. On the basis
of wear, it is apparent that tricresyl phosphate at 1.0 "eight per cent
concentration is an effective anti-wear additive in di-2-ethylhexyl .
sebacate at 500"F.

Test 21 has been conducted with lereoflex 600 as the test
fluid containing 1.0 weight per cent tricresyl phosphate and 0.5
weight per cent phenothiazine. As pointed out previously in this
section, interest in Hereoflex 600 (pentaerythritol type ester) stems
from its improved thermal stability compared with the dibasic acid esters

II |evaluated. For test 21, the major wearing parts of the pump were renewed
as indicated in Table 23. The vistosity of the Hercoflex 600 fluid at

S500?F. is the same as that of the two 'ii-2-ethy•heVl sebacate fluids.
The standard test was conducted for four hours at 5001F. erep tempera-
ture 3nd 54O.F. maximum fluid temperature without difficulty. The

"volumetric efficiency is the same as for test 29 with the di-2-ethyl-
hexyl sebacate test fluid containing tricresyl phosphate. It is
interesting te note-that a moderate amount of wear (2.3 Mg. average
wear per vane) was noted in te.3t 21. This amount of wear resembles
that obtained in test 19 with di-2-cthylhexyl sebacate without tri-
cresyl phosphate. It ha• been pointed out in previous reports that
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iercoflex 60- shows relatively poor tricresyl phosphate susceptibility
as measured by the Shell four-ball wear tester. Hercoflex 600 contain-
ing 1.0 weight p-jr cent tri--resyl phosphate gives essentially the same
lubricity values in trR Shell f.u,•-hal-l wear tester as di-2-etbylhe3:y1
sebacate witneut an anti-wear• a.... tive. in general, the cam ring surface

exnibits more surface roughness in the case of the Herooflex 600 fluid
(test 21_) th-n for the equivalent di-2--thylhexyl sebacate fluid (test
29). nhese surface roughness data are shown in Figure 17.

lest 20 is a oOuk. maxim=s fluid temperature, 570'F. pump
temperatmue tc-t with a mineral oil composition. This composition con-
sists ci T3 weight oer cent Nectcn 45 (a highly refined naphthenic
mineral -z j, 3.0 w- 'at per cent Polybutene B-12, 1.0 we.,.,a par .eztSricrer. phospnate, -d 0.2 weight per cent pnenxl alpha napnthylamine..
The Polybutene P--12 tnickener has been used an an attempt to maintaLn a
reasonable level of viscosity at the 570"F. pump temperature. TheI-initial extrapolated viscosity at the 570"F. test temperature is 1.7
centistokes. Approximately 30 per cent viscosity decrease in the 1000F.
viscosity -•a1e as noted during the course of the pump test due to thermal
and shear effects. The magnitude cf the viscosity decrease at 5700F. is
estimated to be about the s5me as that at 1000F. That is, the estimated
final viscosity in this pump test is 1 2 centistokes at 520"F. Test 2D
ran witrout difficulty for four hours at 570"F. pump temperature and 600'F.
maximum fluid temperature. The parts for this test had previously been
used in the four hour test 19 at 500"F. pump temperature with di-2-etbyl-
hexyl sebacate test fluid. The volumetric ýfficiency decreases about 30
per cent during this test,. This value is somewhat larger toan previously
ncted for the ester fluids. The loss in volumetric efficiency does not
appear to be unusually high in view of the 30 par cant loss in viscosity
of +he test f!rC.d -;- this .r , .-verte ane "a, was noted.

The overall behavior of the mira- oil and pump at 520'?.F.
pump temperature compares favorably with the behavior of this same
composition in the standard four hour test at 500'F. pump tesperture
discussed previously.

it has been noted previously that tricresyl phosphate is not
as effective in reducing wear in a mineral oil fluid at 5006F. as it is
in di-2-etbvlhexyl sebacate. There was no indication of colloidal
motal formation in the test fluid. Surface roughness of the cam ring
and valve plate, as shown on Figure 18. appears to be of the same order
of magnitude in tests a0 and 29. In the case of the di-2-ethylnexyl
sebac-te fluid containing tricresyl phosphate (test 29), the increase
rn surface roughness occurs without indication of significant• wear.
The same increase in surface roughness wJ th toe mineral oil fluid in
teet 2a shows indication of moderate vans wear.

Test 26 has been conducted with Ucon LB-l7JX nder the
stan.ai-1 test conditions. New pump parts installed prl.. to test 26
include: body seal "0" ri..gs, shaft seal, cam ring, vanes, rotor,
valve plate, and pump body. Vane wear in this test is very low. In
addition, the surface roughness of the czm ring and valve plate
foll.wnng the test are essentially the same ao that of the new parts
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j (compare Fapures 15 and 19). Thns lack of wear or ourface roughening as
also indicated by the good initial volumetric efficiency and small change
in volu-metric effi:iency througn'ct the test. The 500'F. p' % tempera-
ture and 55-'F. maximumfluid temperature are in the range at which
incipient thermal deteriorstaon of Uc.n LB-170X to volatile products
4.s noted. Ucon LB-17OX has about the same effect on the rubber seals
in the prmp as the mineral oils evaluated. In both cases, the rubber
becomes very hard and brittle during the test. The ester fluids on
th- other hand leave the rubber seals in a pliable and flexible, but
not particularly elastic, ccnditiu. aft-r the - d 5C0•'F. pump est.

A fluld prepared ic accordance rith the NACA SD-C7 formula. ton
bhae icer eu-n..d in tert 16. This fluid hb. been fo?-c!rated to contain
66., >weight p=i c-n. Dow Coming Silicone Tpe 510 (100 cs. viscosity
letel at 774F.), 33 weight per cent di-2-ethylhcxyl sebacate and 0.5
weight per cent phenothiazine. The standard varmup procedure was being

I •followed in this test. That is, a pressure of 400 p.s.i. wa" used during
. the warmup. At a pu-p temperature of 4501F. the pressure was increased

- pressure, colloidal metal appeared in the test fluid. During the 1.5
[hour test at 5012F. pump temperature, thb flow rate fell from 2.8 to 1.0

g.p.m. The test was terminated at this point. The pump was ulsassembled
and examined. Tne vanes show an zxcessive %eight loss of 20.4 mg. per
vane. The cam ring and valve plate were badly scored ard eroded. The
critical wear areas on the cam ring showed evidence of erosion to the
extent of 1/32-inch increFs? in :=a ring radius. '.e valve plate showed

r deep goug- s into the bearing surface between the inlet and outlet parts.

I In gen.erl, the severe valve plate wear =ight be considered secondary
damage. rnas damage woulo result from the rubbing of the sides of the
vane against the valve plate or the presence of an abrasive such as
colloidal metal particles, which in turn woula act as a grinding com-
pound between the edge of the vanes and the valve plate. it should be
noted tnat the SD-17 composition has an extrapolated viscosity at 500-F.
of 3.4 centistokes. This is highe, by a f.ntor :f 1 than the viscosity
of the esters which gave satisfa•ct•r•y--tpu belrevicr.

-•--i att~pt was made to rule nut tne qualit.y of the pump parts
in this p=- fail-re. The same pars from test 16 were reassembltd and
tested (test 17) at 500"F. for four hours at a pressure of 350 p.n.i.
with di-2-ethylhexyl sebacate containing 1.0 weight per cazt tricresyl
phosphate and 0.5 weight per cent phenothiazino. Unfortfuntely, 350
p.s.a. was the maxinm= pressure that could be generated with +he orifice
loadir•g deez- ,td the relatively low flow rate. Under these conditions,
the pump ran satisfactorily without the formation of colloidal metal in
the ester test fluid. Following test 17 the pump parts were again
examined. The average vane weight loss was 1.0 mg. and the vane edges
and cam ring surface appeared to have a polish on the high spots of the
gouges incorrcd in test 16. The valve plate appeared essentially
un.changed. It was apparent that the major cause of the poor volumetric
efficiency was due to the excessive gouging of the valve plate in test 16.

SThe vanes and cam ring from tests 16 end 17 were reassembled
with a new valve plate. Test 18 was conducted with these parts ard the
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same ester cNposit-ion used in test 17. This test was conducted to show
the effect of these vanes and cam rin-g with the ester at a higher pressure.
At 500*F. with these parts, a steady state could be maintained at a pres-
sure of 650 p.s.i. Operation for 0.5 hours under these conditions gave
no signs of reduced vol-=etric efficiency or colloidal metal formation.
The test was terminated at this po:nt and the parts re-examined. The cam
ring aid vanes gave evidence of -wther polishing. The average vane w-or
of 1.3 .ig. is considered low for the very rough mating surfaces iz:'olved.
S. -. p.l...v Installed for test 18 showed no signs of wear or
cutting. Tests 17 and 18 have beer. interpreted to show that the pumpSp;a-,.t fnr test 16 were of satisfactory qu ality. The evidence of iubri-

-•-•oati.n, •.i}'• • beteved to be dttrittltable to the lubri~city properties
of the :,j-!?/f.m.•a~-n

I The surface roughness of the cam ring from tests 16, 17 and 18

and the valve plate fz-- tests 16 and 17 are shown on Figures 20 and 21,

respectively. it should be emphasized that for the cam ring, the surface
roughnnesqs shownA on Figure 2D is somewhat improved over the surface rough-

ess obtained from rest 16 alone. The surface as shown is considerably
rougher than the surfaces formed from mineral oil and ester tests. Itcan be seen that the gouges are not only deeper but shmh wider. i n the

case of vh alve plate, the major we,,r resulted in a trough 3/8 inches
wide ara 1500 micro inches deep as shown uo. Figure 21.

Test 22 shows the results of a r00*F. pump test with silicate
composition O.S. 45 obtained from Monsanto Chemical Company. The warm up
period at 400 p.s.i. was satisfactory. When the temperature reached
00"F., the pressure was increased to 700 p.s.i. but steady operation

at 700 c.s.i. could not be maintained. The wan up period was then
continuea at 500 p.a.i. At 5MOF. the pressure was again increased
to 700 p.s.i. Colloidal metal in the reservoir was noted almost
lmediately. The flow rate began to decrease from 1.8 to 1.2 g.p.m.
and the pressure could no longer be maintained at 700 p.s.i. due to the
reduced flow rate. The test was terminated after 0.5 hours at 500*F.
The parts were disassembled and examined. An average vane wear of 1.3
mg. was measured. The cam ring and valve plate, however, showei signsI of r"latively severe gouging.

Again as a check on the quality of the parts, test 23 was made
with the parts from test 22 and a phenothiazine-inhibited di-2-ethylhexyl

r sebacate fluid eontaini'"n 1.0 weight per cent tricresyl phosphate.
Between tests 22 and 23 the pump system was flushed with di-2-etbylhexyl
sebacate at a low pressure. The colloidal metal was coilected in a 5
micron porosity micronic line type Purolator filter. Test 23, with the
worn parts from test 22, gave a flow rate at. 700 p.s.i. of 2.0 g.p.m.

hiss va!lue compares with a flow rate of 1.2 g.p.m. at a pressure of less
than 700 p.s.i. in Lest 22. It is interesting to note that both ef
these test fluids exhibit about the same viscosity level at 500*F.

As noted Ln previous runs, the discrepancy in -olumetric
efficiency may be attributable to the character of the wear or surface
mating with the various fluids. In test 23, the ran was continued at
.001F. for 1.5 hours without difficutty. The test was terminated and the
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parts examines. .nere were signs of polishing on 'he high spots of ti
gouged surfaces from test 22. The vane weight loss of 0.2 mg. is very

low. The same wearirg parts were reassembled and O.S. 45 silicate fluid
recharged to the system. At a temperature of 500F., steady conditions
could rot be maintained at a pressure asove o00 p.s.i. A:ter I hour run-
ning at 500"F., the pressure had fallen to 400 p.s.i. and the flow rate

fl - dropped to l.C g.p.m. Tvp operation became rough and the test was
.terminated because of excessive shaft seal leakage. The pumF was dis-
azsembled and examined. Both ball hearings failed in this Lest. The
can r-g and v-alve plate showed signs of scoring. The vane weight loss
was 1.3 eag. The surface rugh•ess of the cam ring and valve plate from
tests 22, 23 and 24 are shown on Figure 22. It is apparent from tnis
ki_.. e that the scoring is muzh deeper and wider than that in corre-

b;.Zin6 sLiner-- oil end ester runs where the sasAe ocdz of rzgrjfrude
&l vane wear is -ated.

A seccnd silicate formulation (!=0 8200) prepared by the Oronite
Chemicall Vpany was evaluated in test 25. As indicated in Table 23,
an eentirely new pump was used for test 25. The pump test stand was co-
pletely flushed with mineral oil using a 5 micron Purolator filter to
remove all solid foreign matter. The i-an= up of test 25 ;as conducted
at 400 p.s.i. as usual. In this case, however, ,00 p.s.i. was severe
enouagh Lu cause the formation of colloidal metal particles ir, the oil
by the time the test temperature reached 450F. At this point, the

Spressure was increased to 700 r.s.i. Steady operation could rot be
ma-intained under these conditions and the pre=zuzr dropped steadily to

-- 500 p.s.i. in a 15 minute interval. 7he flow rate fell fram 1.6 to 1.0
g.p.m. during this time. The test was terminated at this point without

S.a*F. The can ring and v-ave plate showed severe scoring-
The average vane wear was 4.0 mg. The surface roughness measurements,
as shown on Figpre 23, indicate scoring of the same degree of severity

L• !• as on test 22 with O.S: 45 silicate fluid.

- It should be noted that MW 8200 has an extrapolated vis-
cosity at 500-F. of 2.6 centistokes which is about 3 times the viscosity
of O.S. 45 silicate fluid, the dibasic acid ester, and Hercoflex 600
evaluated.

Aroclor 1248 was used as the test fluid for test 27. The warm

up run procceded without difficulty. The pressure was increased to

1 700 p.s.i. at a temperature of 5M*F. Operation under these conditions
S.appeared to be satisfactory- After about 15 minutes ýperation at 5OO'F.

and 700 p.s.i., shaft seal leakage became excessive and the unit woe shat
down. The rubber seals from this test aere all badly swollen and

II softened during the test. It is apparent from the seal conditions that
satisfactory operation with Aroclor will require seals with better resist-
ance to swell and deterioration with this type c.' fluid.

It is interesting to note that the -*low rate at 50O'F. and

i ,., p.s.i. was higher for the Aroclor 12 than for anxv of the other"fluids evaluated. Aroclor exhibits a viscosity of only 0.6 centistoke
at 500?F. The centistoke viscosity comparison 'say be somewhat mis-
leading in this case because of the relatively high density of the
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Aroclor 1248 (2.4 at 1' O-°l. t. ýr$ with I- ester fluid (0.92 at
l!O'F.). Flow behavior in a pump system such as this is related to
the centipoise viscosity rather than the centistoke viscosity. The
centipoise viscosity of Aroclor 1248 at 5001F. is about 0.85 compared
with a value of about 0.75 for the two ester fluids. Thus, it appears
tnat the flow rate can not be satisfactorily explainud on the basis of
viscosity difference. The differences in flow rate may be explaincd
by the differences in lubricity. Aroclor 1248, under some test condi-
tions ii, the four-ball wear and E.P. testers. shows evidence oZ extreme-

,.. •activity. Chemcal er.anion of the type -ntcd with E.P.
additives may keep the pimp parts well rated and result in improved floe
rto "or a given viscosity. The vine loss of 1.5 mg. is indicative of
moderate na , _e ar 4 - indicated by -x! •--E-pressure
additives An the four--tall wear tester.

The flow rate is measured as a prcssure drop across the orifice
in the high temperature pump test stand. As a further check on the
validity of the flew rate measurement in test 27, test 28 was conducted
with the same pump parts using a phenothiazinse-inhibited di-2-ethylhexyl
sebacate fluid containing 1.0 weight per cent trlcresyl phosphate. The
system was flushed with an. eýter fluid between test: 27 and 28. Test 28
was conducted as a standard test. The initial flow rate of 2.7 g.p.m. is
typical for this test fluid under the .nddcated conditions. A vane loss
of 4.0 mg. is noted in test 28 accompanied by a 5C per cent loss in volu-
metric efficiency during the test. These values are unusually high for
the di-2-ethylhexyl sebaecate test fluid. It is believed that this high
wear may have been Linluenced by the conditioning of the wearing parts
by the ,moclor 1248 test fluid in the previous test.

7. Effest of Hiph Temoerature Pump Test on Fluid Properties.
As indicated previously, tihe hagh tem:. rature pump test stand utilized
in these studies is not a sealed unit. The reservoir is vented to the A

atmosphere. Thus, fluid deterioration may be more severe in this test
system than in a sea) ed hydraulic system of the type used in actual
aircraft under the same temperature conditions. The fluid deterioration
data for the series of tests discussed in T•ble 22 are shoaw in Table 24.
These data indicate,.in all cases, relatively mi-or fluid property changes.
The large viscosity decrease noted in test 20 at 6001F. is due to thermal
effects on the Polybutene B-12 polymer. In general, all of the fluids
evaluated sl.ow adequate stability properties in this series of pump tests.

F. I60rRT PRI. 6.3-Dec53 ENTITLED SORE PROPERTIES OF SPEC.

IL,4-0 Y6 .YDRAULIC FLUID AT ELVATE =S-•PF.RAURES. The Wright Air
Development Center requested that this Laboratory evaluate the properties
of Spec. MIL-0-5606 hydraulic fluid at elevated temperaturos. Spec.
MIL-O-5606 hydraulic fluid has been used over the past 10 years as the
aircraft hydraelic fluid by the U.S. Air Force and the British and
Canadiah Air Forces. Indications are that Spec. MIL4-0-5606 hydrocarbon-
base hydraulic fluids hive performed satisfactorily irn a wide variety
of uses over this period. The bulk of the data on the behavior of this
hydraulic fluid has been obtained fro use in conventional World War HI
piston engin)e aircraft.
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Current developments in aircraft place emphasis on. higher soeds
Sand, therefore, nigher ambient temperaturca .,ich re-alt in higher hydraulic
sysýte temperatures. The hydraulic system temperature problen is intensi-
fied in same cases by the proximity of hydraulic lines to the combustion
chamber and to the exnause of turbln.e engines. With current emphasis on
higher hydraulic system temperatures, a study of some of the practical
li.mitations, temperature-wise, of Spat. MIL-0-5606 hydraulic fluid is of
particular interes-. Mny of the data pertinent to a high temperature
stut7 of Spec. MIL-0-5606 hydraulic fluid had been obtained and discusscd
in rLports on contracts prio" to Cnr.tract AH33(038)18193. These data
along with current data are p.esented in this report.

Repoe c 2P1L 6.3--eDc53 i, cncluded s5 kpperd.i, -.f this report.
SCopj÷s of PRL 6..-nec53 were distributed to the Air Frame Manufacturers,
I. Navy Bureau of Aeronautics, and Army Air Force at a Navy-Air Force-Industry

ronference on High Temperature F4draulic Systems and Fluids held in the
r .Navy Building, Washington 25, D. C. on January 26 and 27.

G. CCNCLLSIONS. A group of finished compositions and base
s-ocas have been obtained for evaluation as high temperature hydraulic
fluids. This group of materials were chosen as good current commercial
examples of ten chemical classes. Ivaluation of these materials will

be placed on a quantitative basis wherever possible.

Sl| A suitable apparatus and test procedure has been employed for
the measurement of viscosities in the 500" to 700CF. range. Most of tbe

- measured viscosities at 50O3F. and essentially all the 700"F. viscosity
values fall below the predictes viocosity based on the ASTH viscosit.-
temperature onart. Maximum deviations from the chart are shown by the
silicones. This means that the effective ASTR slope or V.-. is poorer
tnaan preaicted, thus requiring ni-her viscosities at low temperatures
th2n predicted to give the desired viscosity level at 700°F. Very
few of the materials evaluated give constant viscosity values at 700"F.
The general trend ,f these viscosity values with time is a decrease over
the 30 minute test interval. These changes are believed to be indicative
of incipiet thermal instability. Changes of a similar nature can he1 observed in the therral stability tests.

- Thermal stability tests have been conducted in glass and stain-
less steel equipment over the temperature range of 500° to 7531F. The
temperature limitations of thermal stability can be summarized as
follows:

i. Good thermal stability at 700" to 7501F., Aroclor 1248.
2. Good thermal stability at 7001F., methylphenyl silicone,

G. E. Silicone No. 81406, and naphthenic mineral

= I ,"oils.
S3. Good thernal stability at 600- to 700"*F., Perooflex 600

-and sill-ate esters (mixed C6 -C 8 silicate and tetra-
J | 2-ethylhe)yl silicate).

4. Good thermal stability at 5001 to 6C°F., di-2-ethylht0l

sebacate, trioresy. phosphate, Umon Jxbricant MB-17OXo
O.S. 45 (silicate-base fluid), MIL 8200 (silicate-
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base fluid), indorol (a low molecular weight Pol-
outene), SE17 (a"il ... e-di-2-e:•--exy- sebacate
blend). Alkazene 42 (etiyldibr-moben.ene), and ro-
luhe-FS (a trifluorcmonochloroe+kylene polymer).

Thermal stabitity data at 5000 and 7000F. indicate that volatile
decomposition products are furnc-d " some extent by essentially all of the
fluids evalulated in this temperature range. These data indicate that
precautions for inflammability in hydraulic system design r.ay have to be
based on the volatile decomposition products raher than the initial
ntfammabi ity properties of the fluid.

,.Iiminarv thermal stability studies with a polyecter contain-
t-g all rt'ax• alcoh'_ type ester linkages indicate a viscosity and
c,!-.ical -ability equi flent to di-2-ethylhegl sebacate. The viscosity
stability of this polyester is superior to that of Acryloid-HF or Polybutene
polymeric thickeners. 'oe thermal stability of viscous resins obtained
fre.- Pennsy-lvania crude oil appears to be good at 5000F.

The presence of tricresyl phosphate as an additave in esters
appears to have sc-e adverse effect on thermal stability properties. A
similar trend toward decreased thermal stability is noted for esters in
the presence of steel.

The oxidation and corrosion characteristics of the fluids
evA'--cted at 500'F. with a low air rate (0.6 liters per hour) are satis-
facto.y, in general. Dirtiness or sludge formation is probabl~y the most
cricical item. The SD-17 composition shows excessive sludge for--ation.
Tricresyl phosphate also shows a large amc,-n-t of sludge formation.
Nethylohenyl silicone and Aroclor 1248 show no sludge formaticn. All of
the remaining fluids show a trace ( 0.1 weight per cent.) of sld4ge or
dir•t. A trace of dirtiness may, however, cause scome difficulty in filter
plug&ing and deposits in close fitting parts. These Darts may have to
be designed to function in the presence ef trace dirtiness.

Trace dirtiness in ester oxidation may be caused by phenothiazine
oxidation inhibitor. Increasing concentrations of phenothiazine improve
the stable life of esters in 347'F. oxidation and corrosion tests and
reduce oxidation rate in 500"F. tests. in all cases evaluated in the
range of incipient oxidation at 34?°F. or 500°., uninhibited di-2-ethyl-
hexyl sebacate appears to be cleaner on oxidation than a phenothiazine-
irnhibited di-2-ethylheyyl sebacate. The area of incipient oxidation
appears to be the significant oxidation range for fluids used in sealed
hydraulic systems.

All of the ester fluids containing tricresyl Rhosphate show
increass•- sludging tendencies when evaluated in 500*F. accelerated oxida-
tion and corrosion tests. The magnitude of sludge formation of an ester
fluid due to the presence of one weight per cent tricresyl phosphate is
considerably larger than the dirtiness tendencies from 0.5 weight per
cent phenothiazine.
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fNo appreciable increase in slide valve friction is noted when

the slide valve is operated in a phenothiazine-Lnhabited di-2-ethylnexyl
sebacate fluid "-,nder:

1. Theroal stability test condittons using a nitrogen
blanket at 500°F.

2. Spcc. IL-L-?7808 oxidation and corrosion test con-
ditions within the stable life of the fluid.

" -RelaLively severe oxidation of a phenothiazine-inhibited blend at FCOF.
cause.1 a large incrcaze in slide valve friction. The increacsd friction
""aar3 to ve due to a hard lacquer formation on the moving parts. It

oue e han---zed that for thi s study the slide vaIv- was exercised
!- ~ flow through thF r~d~ alve.

SCopper-beryllium alloy does effect a reduction in the stable

life of a well irldbited ester-baoe fluid. In this respect, copper-
beryllit= ir, similar to pure copper but slightly less severe. Copper-

; ber30_liu alloy is somewhat more stable to corrosion than pire copper

in mineral oil and ester compositions with or without ,hosphorus-con-
taiuni• extreme-pressure lubricant additives. it is believed, therefore,
that fluids which are satisfactory for use with copper at a given set of
Sonditions will also be satisfactory with copper-beryllium.

Thne Vickers Model ;4-ICO-40-75-i0 vane type pump gives satis-
factory operation with mineral oils, esters, and polyglycol ethers at

Pt_ temperatures of at least 500"F. A successful mineral oil test at 600*F.
has also been made. This pump has been operated satisfactorily at tempera-
ture levels of 500" and 600F. with lubricants exhibiting viscosities in
the range of 0.6 to 3.5 centist ok-s viscosity at the test temperature.
The vol-umetric efficiency of the pump at elevated temperatures appears to

K- be affected more by the lubricity than the viscosity level of the fluid
over the range of viscosities evaluated thus far. Temperaturc per se has
little effect on the volumetric efficiency of this pump. It should be
emphasized that this Vickers vane type pump is es'antially all steel with
no fixed clearance pArts involvied in the pump mechanism to be adversely
affected by-differential expansion problems.

The fluidized solids bed type of heat exchanger affords
Sefficient heating of the oil in the test cycle with a minimum of local
S- overheating. Satisfactory operation cf the fluidized solids beo heat

exchanger is indicated by the equivalent of thermal effects for tests
conducted at th. same measured-bulk cil temperature with static thermal
stability tests uder a nitrogen atmosphere in a glass test tube and
in the PR.L high temperature pump test stand.

The standard rubber seals used in the p=p afford adequate
sealing for the majority of the fluids for one complete test. In
several cases, the rurining seal functioned satisfactorily for several
tests. The mineral oil and Ucon LB-170X cause the rubber to become hard,
and very brittle. The rubber seals from the esters and silicate tests are
considerably more pliable and flexible. The rubb-r seals from the
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Arzclor 1248 test are soft and badly swollen. It is apparent from the
ribber deterioration encountered that further Areclor evaluations can-
not be conducted in this test syst• ziess rTsoer seals of adequate
resistance to Aroclor are obtained.

The standard ball oea-rings Lsed on the puo, ýhaft give satis-
factory performance. The failures noted are probably due to the elevated
temperature rather than anv lubricity deficiencies.

The ,earing parts in the pumping mec-hanism, i.e. the cam ring,
vanes, rotbr, and valve plates appear to oe sensitave to the lubricity
ie,•i o- '- fluid. Tricrmsyl phosphate appears to be an effective
luoric-'tr Ad.tt ,e a.i reducing hear in the Vickers vane n-•. rarts at
500"Y. the tricresy, chosphate susceptibility appears to vary at 5C'-*F
depending upon the nature of the fluid. The same phenomenon of varyirng
tricresyl phosphate susceptibility has been noted at lower temperatures
in the Snell four-ball wear tester. For example, tracresyl phosphate at
1.0 wight per cent concentration appears to be more effective in the di-
2-ethylhexyl sebaeate than in the mineral oil or Hercoflex 600 at 503"F.
in the vane pump. these differences in lubricity between the mineral oil
and ester fluids are not readily apparent at low (100* to 200°F.) tempera-
tures in the Shell four-ball wear tester.

The lubricity level at 5001F. of SD-17 silicone-ester blend,
O.S. 45 silicate composition, and silicate fluid 1410 82D0 appears to be

f inadequate for satisfactory operation of the Viceers vane pumps. ui-2-
ethylhexyl sebacate, Ucon LB-170X, Aroclor 1248 and blends of 1.0 weight
per cent tricresyl phosphate in Hereofiex 600, ý well refined mineral oAl,
and di-2-ethylbexyl sebacate appear to provide adequate lubricity for
500"F. pump operation. Ucon LB-17OX and a phernothiazine-inhibited blend
of di-2-ethylhexyl aebacate containing 1.0 weight per cent tricresyl
phosphate appear to he the most effective as anti-wear lubricants. Tri-
cresyl .hosphate in a mineral oil or ester and diethyl acid phosphite
in an ester function as chemical polishing agents to smooth up the vane-
cam ring bearing area of a badly worn pump.

The property changes noted with the test fluids are encouraging.
The =aijdmx= test fluid temperature is 540PF. in most cases. Tnese teats
are conducted in a system free to breath to the atmosphere through a
3/A inch vent lane :in the reservoir. There is no evidence of excessive
property changes indicative of severe oxidation from the test fluids even
after 24 Lours operation at the maximum temperature. Oxidative effects
are of the same order of magnitude as the 20 hour oxidation and corro-
sion test at 50G4F. using a 0.6 liter per hour air rate. The ther-al
effects in this series of test- were no greater than those obtained in
static tests at the same bulk oil temperature in an all glass system
under a nitrogen atmosphere. Visual inspection of the pump parts and
the fluids following the high temperature tests indicate adequate fluid
cleanliness. The ester shows scmetmat less dirtiness than does the
mineral oil in comparable tests.

in view c, thc increasing temperatures of hydraulic systems,

the high temperature properties of Spec. MIL-0-5606 have been evaluated.
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Perhaps the most severe limitation to tne high temperature applicationE of
this fluid is fluid volatility. The vase stock component exhibits a
normal boiling point of approximately 500oF. It is estimated that Spec.
M,,- -5606 fluid has sufficient viscosity and lubricity to lubricate
hydraulic purps at 400F. Thermal stability and corrosion stability are
good up to 500'F. Oxidation stability is typical of the mineral oils
evaluated in this report. in general, these studies show that tempera-
tires up to 5001F. can be tolerated by Spec..•I-0-566 coder a variety

of conditions. The formulation of specific limitations vill require
tea. ing in actual hydraulic systems with the individual r-ydraulic system

-H c . F:'rJRE_1)ORt(. Thermal stability tests will be continued

wit.. partieular- mphasis on the effect of me als and aduotives o.. t:&s
st t.' -- ity of va.-ous classes of materials. The development of poly-
meri L ickeners (V.I. im-pMvers) with improved thermal stability will
be c-..•inued. These thermal stability tests will be primarily in the
range of 600' to 700°F.

Oxidation and corrosion tests at high temperatures will be
continued. Preliminary oxidation and corrosion studies will be made at
600*F. The effect of additives and metals of construction on property
charges noted for a small amount of oxygen asssiilated will continue to
be the main point of emphasis in this work.II

Work with the high temperatare pomp stand will be continued.
Tests will be conducted in the Vickers vane power steering pump at
lower temperatures with silicate and silicone type compositions in an
attempt to determine if there is a significant change in lubricity with
temperature. Wear studies with the Shell four-ball Pvar tester will beSconductcd with the products af high temperature pump, oxidation, and
thermal tests in an attempt to determine whether these high temperature

tests result in lubricity changes which are also apparent in conventional
low temperature tests.

Tests in the Vickers vane pump at temperatures of 600*F. and

higher will be attempted. Studies will also be made with some of the
effective anti-wear and E.P. additives studied by this lataratory in
hig;i temperature jet engine lubricant compositions.

U'
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II. HIGH T-EIPERATURS JIi Z;Z'1u OIL SroDIES

A. G-SiAL The desire for a jet engine oil suitable for use
at bulk oil temperatures of 5000 to 600'F. has been expressed by te per-
sonne2_ of tne Wright Air Development Center in recent discussion with
members of this Laboratory. The prnblems an jet engine oil development
are somewhat more severe in several property requirements than in the
case of high temperature hydraulic fluid requirements. In the jet engine
oil requirements, the -6CeF. tactical re-qu_.,ment of Spec. MIL-L-7?80? is
maintaineC. In addition, oxidation and corrosion requirements are more
sC-=rS _-e currenz jet lubricant systems are not readily sealed, and
the enrgime and teari.ot components contain more active setaL than those
currentlv proposed for nydrailic systems. Lubricity iequ-irements of a
jet engine oil are olso more severe than for a hydraulic fiula. The use
of engine oil to lubrnoate accessory drives in a turbo-jet and to lubsri
cate the reduction gear box in a turbo-prop is reponslible for the i•nereazed
lubricity requirements.

Oxidation and corrosion stability and fluid lubricity will
receive major emphasis in this study. Again, as in the case of the
hydraulic fluid studies, all o! the promising classes of high tempera-
ture lubricants will be carefully surveyed. it should be emphasized
that high temperature stability will be studied for fluids and chemical
compositions which do not now meet the low temperature fluidity and
lubricity requirements prcposed for these 500& to 6001F. jet engine
oils. ihphasis will be placed on the quantitative evaluation of
stabii~ty, i.e., the margin by which the test fluids pass or fail
the various laboratory stability tests. Fundamental studies in high
temperature fluid stability during the past two years at this Labora-
tory have indicated ttat the quality zargin enjsyed by synthetic lubri-

*i cants over mineral oils decreases rapidly with temperature. For example,
it has been possible to show an improvement of 10 to 20 fold in oxida-
tion stability for dibasic acid esters.over high quality mineral oils
at a temperature of 350'F. The same dibasic acid estar fluid is lessthan twice as sable as high qcuality mineral oils under the same test

conditions at 500°F. These data point to the need for mechanical and
design changes of lubrication systems to go hand-in-hand with high* temperature lubricant developments.

B. LUBRICITY 3S-ILD.M. Organo-phosphorus compounds have oeen
evaluated as luoric-ty additives for synthetic jet engine lubricants.
This evaluation has been discussea in reports PRL 5.4-Sep52 and PPRI 5.8-Sep53.
The-se data show that the presence of an acid hydrogen in an organo-phosphor-s
compound ivcreases its effectiveness as a lubrication -odditiv•. That ic,
red-ced concentrations of the acid phosphates or phosphites retain good
antx-wear properties as well as improved lubricity cnaracteristics in the
extreme-pressure range.

Pi-cently, a series of conpounds containing an acid hydrogen
along with other elements, such as chlorine or sulfur which are present
in some conventional extreme-pressure additives, havr been evaluated as
lubricit.y additives in an ester-base and • mineral oil jUmd. A list of
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ithe c~spound L evaLuated, along with wear and extreme-pressure valueb
' obtained for the additives in the synthetic fluid, -,e shown in Table 25.

The wear values at 1, 10 end W0 kilograms load weie obtained with the
• I Shell four-ball wear tester at 75-C. (167"F.) with a test time of one

hour. The seizure and weld values were determined with the Shell four-
ball extreme-pressure lubricant tester at room temperature (70°-80"F.)
with a test +t•e of one minute. The bearing surfaces were steel-on-steei.

-•Table 25

1 a.R AND LUEICATION VALUS FOR SE EXPERIMENTAL GEAR UJRIiNIab

eTss FLUID P82. 3319 " . VI.. OCRYLOIS• hF-25 + 0.5 VT.f PKEPOTHIAZINE
,It ;-Z-EINYLKXYL S~t55CATE.

AV!RASIEal 5R $A APROX. LOAD FOR"5.-0A41 9M.e INCIPIENT PEWA1.EKT
-'-E25 IT ME :;MR 337r 51. 1 0 40 SEIZUREI, WELD5118,
TEST 5FLUID lS.I 1. XG. KS. M5. 15.

-ONE 0.37 o.64 0.91 5o 120

MIRCAPIOACIETIC ACID 1.0 0.20 0.30 0.62 g6o 240
0, .5 0.9 e.s6 0.DO ' 40 0II uRCKPlCEmoZs:C ACID 1. 0.29 C.3 ..8 I" :s s
0.5 e.sc e.,O O.40 80 ISO

iERCLPsOs$=I!C ACIO(I) I.e 0.2'4 0.26 .0.P 100 2200.1 0.15 0.23 0.4) so 200

TLIQLACETIC ACID 1.0 0.34 0.35 0.41 80 ,80,.c.=,ci .0 0.3s 0.4-, C.U 70 20
_RICNLOMAoCEIC ACID 1.0 o.56 o.71 c. iSo 240
TR I CLOW'.•ENOZY-aIT IC AClD '.O O.t43 7 0. $. 0 120

- WEP'TAFLI'M$ITYRIC ACID 1.0 0.11A 0.56 034 80 120
O I CKlOllOS~E4ZO IC ACID 1.0 0.43 0.79 1.04 6o 140

S••CIcHLoRDFNLc 0~ .36 o.66 o.0i 50 12,
1R, OPK..0 0.31 0.57 0.91 50 1So

7K 1 0CE$0L. 1.0 0.42 0.52 0.$1 70 140

- i (I) DOLaILITY OF TlIlM PATERIAl II PL. 33-79 IS LESS TRA~l 0.1 WI1GT ER CEN5T.

The mercapto acids (,.arcaptoacetic, mercaptobenzoic arid mer-
captosuccinic acids) are the only compaunds in Table 25 waich are effec-
tive anti-wesr adaitives under the conditions of evaluation in the wear
test-r. These compounds also show activity in the anti-seize and anti-

E weld regions in the extreme-pressure range. As mi&.t be expected, the
chlorine-containing acid (tricbloroacetic acid) is active in the extrese-
pressure range and shows increased wear (chemical erosion) in the range

* •of the wear tester.

I •It is interesting to note the difference in anti-wear activity
shown by the thiolacetic acid and the mercaptsacetic acid. in the first

U acid, the sulfur is in the carc-xyl group and is' ineffective as an anti-
U wear agent in concentrations up to 2.0 weight per cent. In the latter

case, the sulfur is L- the alky. portion of the molecule and is effective
as an anti-wear additive in concentrations at least as low as 0.5 weight
per cent.
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This ss.-e series of compounds have been evaluated in a mineral
oil-base hydraulic fluid. The test fluid (PRL 2574) is a Spec. 51-F-21
(Ord) hydraulic fluid prepared to contain no anti-wear additive. The
values obtained are shown in Table 26.

Table 26

VSý AND LUBRICATION VAUES FOR SOM EPEPLMEAL GEAR LUBRICANTS

TEST FLUID 4 257 A $S" 5--f-21 (0'IWO) FvPAeUC FL i PeAREP TO
CONTAIN 0 '"!-0EAP ADDITIVE.

AVEAGE WEAR SCAR APPROX. LOAD pOR
alMERec, M"A. thIcC -'.6 -. ' W. V

TEST FLUID VT.. KG. KG. KG. KG. EG.
AOCE - I. 5 O.Si 0.66 4, !2

iE;CAiTOACET IC ACIDC 1.0 0.380CD9 .17 180 2200.5 0.33 0.67 1.17 100 220

MEPIAftooaPTOZOaIC ACIO( I. 0.4 0."0 0.48 70 160
aiRc-a=c. :xIc ACID(2c i.e 0.24 O.9 4 0.48 50 120
THlIDLACETIC ACID t.0 0.37 0.43l o.62 160
TRICaLOROACETiC AM h.0 . 0.682 I 360.0 0.5 0. O.31.05•0 •0
TR ICKL.OPOP EhOXYACET IC ACID*'$ 1.0 0:2 0:51 0:5'7 080 140

• .KPL~rIAMOBPU5T YRI|C AJ2I3 I'O o.42 0.51 o.66 60 120
D IC-.LDRMSNIZOIC ACID•2 1.0 0.49 0.63 0.6"7 80 120

DaICK eRePIMOaL 1.0 o.49 o.67 0.6 7.1 1s 0
SI CHLOROP"EMOL i.O -Ag& 0.66 0131 70J 120

TiINCSOL 1.0 0.49 0.57 0. 0 120

(I) S5LSUSLITY I TE'$ VAYERIAL IN PRI 2574 IS AETdEE l 0.5 AND I.0 AEIGNT PER CEEPT.
(2) O-..L TY COF THIS M Pl. 25 I IS ESS T-AN 1.0 EIGelT PER CENT.

The same general trends of wear behavior are noted with the
mineral oil fluid as those previously noted for the synthetic fluid.
That is, the mercapto acids are the only materials offering wear improve-
ment i4 the wear tester and the trichloroacetic acid is active in the
extreme-pressure range. There are several differences between the syn-
thetic and the mineral oil iluids. The mereapto acids are less soluble
in the mineral oil fluid. The mercaptoacetic acid, while it is active
in the extreme-pressure range, shows no improvement in the wear range.
.ercaptobenzoic and mercaptosuccinic acids show improvement in the -.ear
range but no appreciable activity in the extreme-pressure range. In
the synthetic fluid, the three mercapto acids show activity in both the
wear and the extreme-pressure ranges.

It has been pointed out previously that some materials, such
as sulforate rust inhibitors, have a tendency to nullify the anti-wear
improvement imparted to various fluids by tricresyl phosphate. One of
the compounds in Lhi current evaluation has been tested in conjunction
with tricresyl phosphate in a synthetic fluid (di-2-ethylhe.Vl sebacate)
and in a mineral oil (Voltesso 36). The values determined for these
fluids are shown in Table Z7.
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If Ta~ble 2V

EFFECT OF TRICHLOROACETIC ACID ON TRICRESYL PHOSPHATE SUSCEPTIBILITY

1 Ave. Wear Scar Diam., am.
Test Fluia Steel-on-Steel Surfaces

(Composition in t.%) 1 Kg. 10 Kg. 1,0 Kg.I Di-?-Ethylhexyl Sebacate 0.34 0.56 (2.69
+ 1.0 Tricresyl Phosphate 0.15 0.26 0.40: 1.0 Trichloroacetic Acid 0.66 0.91 0.84

- + 1.0 Tricresyl Plhsphate + 1.0 Trichloro-
acetic Ž'id 0.63 0.84 0.97

[Voleresso 36 (Haphcaenic Mineral Oil) 0.29 0.64 0.72
+ 1.0 Tricresyl Phosphate 0.14 0.22 0.47
"t 1.0 hrichloroacesic Acid 0.37 0.70 0.93
+ 1.0 Tricresyl Phosphate + 1.0 Trichioro-

* acetic Acid 0.45 0.61 0.75

Trichlor-acetic acid is one of the more active of the comspounds
"tested, as evidenced by the increased wear values in the wear tester. _
That is, this material probably gains its load carrying ability in the
extreme-pressure rango by means of chemical erosion at the bearing Surfaces.
The data in the above table indicate that when both tricresyl phosphate
and trichloroacetic acid are present in either the ester or the mineral
oil, the wear characteristics of the trichloroacetic acid completely
dominate. The effect of the tricresyl phosphate is lost entirely.

: .(bddation and corrosion tests at 3l!7"F. for 72 hours have been
conducted with 0.5 weight per cent concentrations of mercaptoacetic,
mercaptobenzoic, and trichlorcacetic acids in the mineral oil fluid.
The results of these tests are shown on Table 28. Values for a similar
test with 0.5 weight per cent dimethyl acid phosphito in the synthetic
fluid are included for comparison.

These tests indicate that all of these materials are corroasve
to copper under the test conditions. The trichloroacetic acid is corro-
sive to margrsiim in both the synthetic and the mineral oil fluids. TheIImercaptobenzoi c acid is corrosive to steel. Only the test with tri-
chloroacetic acid in the mineral oil blend (PRL 2574) appears to haveexceeded the stable life of the test fluid.

1. Effect of Storage Stability on Lubricity. Data have been
f presented in reports PPL 5.4-Sep52 and PRL 5.8-Sep53 to indicate that

measurable changes occur i-n neutralization number, lubricity, and oxida-
tion and corrosion stability of synthetic ester-base lubricants containing
alkyl acid phosphites and phosphates as lubricity additives under normal
storage in stoppered glass bottles at rnom temperature (70* to F*O'F.).SThese synthet4  

..ubricant compositions show an increase in neutralization
number with storage time. Wear data for a synthetic lubricant containingan alkyl acid phosphate (Ortholeum 162) shows s decrease in lubricity
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_ T with storage. Under tne same storage conditions all of the compositions
- containing alkyl acid phospn-ites staw increases in lubricity with storage

The effeco o; Lu.Yage on oxidation anI corrosion will be discussed in a
j• subsequent section of this report.

This study o storage stability has been broadened to include
the effect of room temperature storage of the alkyl acid phosphite addi-
tives alone and in Spec. MIL-L-7808 type lubricants which contain ti-
cresyl phosphate as a lubricity additive. Neutralization number meavare-

is a function of storage tine on the synthetic lubricant ccmposi-
tin s :,-ited us PRL 5.8-Sep53 nave been conLtsued. Zuse dote for
geae lubes contan-tng acid phosphates are shown or. Table 29. Data for
gear lubes containing aikyl acid p~osphites are shown on Table 30.

rSimilar data for two commercial Spec. MIL-l-7S08 type fluids are sawn
in Table 31. The ester-base fluids containing an alkyl acid phosphate,
alkyl acid phosphite, or a trialkyl phosphite, all show a tendency
toward an increase in neutralization number with continued storage.

Some of the ester-base lubricants containing tricresyl phosphat
show an increase in neutralization number with storage thile others show

Sgood storage stability. The samples showing relatively poor storage
stability are both Spec. ML-fL-7808 type lubricants supplied by different
coaercial suppliers. The thr-- samples wich show good storage stabilit"* in the presence of 5.0 weight per cent tricresyl phosphate are Spec.
MIf,-L-7808 samples prepared by this laboratory. The reasons for these
differences in neutralization number change on storage are not r--'dily
apparent.

As indicated previously this trernd touard increased neutrali-
zat ion number is believed to be due to .w-dro'ysls of the organo-phosphort
lubricity additive and the fact that many alkyl and aryl acid phosphates
and phosphides appear to exert a catalytic effect ore the splitting of thE
ester linkage in the dibasic acid ester. It can be noted from these dat.-

- toat the storage stability of mineral oils containirg alkyl acid phos-
Sphates and phosphites is superior to that of a dibasic acid ester con-

taining the same phosphorus type additive.

Some additional lubricity tests have been nenducted on st6rage
samples containing tricresyl phosphate and tri-2-ethylhexyl phosphite,
and on new samples of ester blends prepared from alkyl acid phosphites

*. which have been stored neat. These data are shown on Table 32. In the
A ,case of the alkyl-acid phosphites, original and storage samples of the

completed formulations are shown as a basis of comparison. These lubri-
city data nave been obtained with the Shell four-ball L.P. lubricant

, tester.

The Spec. MIL-L-7808 type formulations which show an increase
neutralization number on storage alsu show a substantial increase in the
point of incipient seizure which is evidence of improved lubricity. The
Spec. MIL-1-7808 type formulations which exhibit no neulralization nsr.be
3ni. 'ase on storage show essentially no change in lubricity. The forsu-
lation consaiiirg tri-2-ethylhesyl phosphite shows an increase in lubri-
city after storage. In the lubricity testý conducted after storage, all
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of the ester-base compositions containing phosphorus additive- showingincreased ncutraliza-ton number also show increased lubricity in the

four-b•ll E.I. lunricant tester with the exception of those blencs con-Staining alkyl acid phosphates. These latter blends show a decrease in
lubricity and increasing neutralization number with storage (See report
PRL 5.8-Sep53).

Several alkil acid pho-phite additives have been stored in
glass blttles neat. These ,ored additives have been used to prepare
fresh estec-ba•e fo-nulations. The lubricity values of these fresh
formulations, using the additives stored neat, show 3ubs-antial lubri-
city ir.mr,vtents over the original blends and smaller improvements
o-er r.. .,ored bl, -4. These data would tend to iria&a tl'•at the
improvwent in lubriG Ly with storage is due to chemical changes in
the additive, itself. That is, the prebence of the ester base stock
during storage is not net.essary for the improved lubricity. It appears
that the presence of the ester in the maplete formulation may liAt
somewhat the lubricity improvemebi. during storage. This seems reason-
able on the basis of previous data. The increase in neutralization
number in the fLnisheý composition is believed to be a result of the
combined hydrolysis of the phosphorus additive and a splitting of the
ester to an organic acid due to the catalytio effect zf the phosphorus
additive. The competition of the polar organic acid with the acid
phosphate or phosphite for surface adsorption is believed to be at
least partially responsible for the fact that the storage of the
additive neat gives better lubricity than the storage of the additive
in a finished ester-base composition.

Of the aikyl acid phosphite additives evaluated, those pre-
pared fr secondary alcohols show the best storage stability, i.e.
the least property change with storage. Secondary alkyl acid phos-
phites will continue to be of interest iL. ccmpoundizg gear lubricants
for this reason. The change in neutralization number with storage
stability for scme Spec. UiL-L-7808 Type fluids and not for others of
the same type deserves further study.

2. Wear Tester Studies With M-10 Tool Steel and Peat
Stabilized 52-100 Steel Balis. Samples of two different types of
steel ball bearings have been obtained from the SKF Industries.
These bearings are prepared from (1) M-10 tool steel and (2) heat
sta bilized 52-100 steel. These steels are typica-l of bearing surfaces
found in various high temperature applications involving hydraulic fluids
and lubricants.

¶ The wear behavior ot these bearing materials in the Sh'11
.asr-ball wear tester has bten investigated. The test temperature is

'5"C. (167"F.) and test time is one hour. Both mineral oil and ester
type test fluids have been. used. The behavior of tricresyl paosphate
as an anti-wear additive has been determined. The test fluids used
are shown in Table 33.
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Table 33

TE•r FLUIDS UTILIZED IN WEAR TSiS WITH SPECIAL STEELS

Designation Type Fluid Wt.% Tricresyl Phosphate
PRL 25741 Mineral Oil None
PRL 3078 Mineral Oil 1.0
PRI 3371 rster None
PRL 3490 Ester 1.0

The yah "- obtained for these two steels along with those
obtained under the same test conditions for the 52-100 E.P. type steel
balls conrentionally used as wear tester speclmens are shown in Table 34.

Table 34

2AR CHARMCTERISTICS SF SPECIAL HIGH T-EPERIATJE STMEE BALLS
IN TON ECOR-BAILL )ELI TESTER

Wear Tester Conditions Include: Test Time = 1 Hour;
Test Temperature = 75"C.; Test Speed - 850 r.p.m.

- - Test Flu,: .----
Load, PRL PR!L .: I PFL

Type Bearings Kg. 2574 3078 3371. 3490
E.P. Type 52-100 Steel 1 0.35 0.15 0.29 0.19

10 0.56 0.22 0.50 0.28
40 0.66 0.44 0.71 0.75

Heat Stabilized 52-100 Steel 1 0.26 0.15 0.30 0.17
10 0.55 0.O3 0.47 0.27
40 0.65 0.40 0.72 0.79

M-10 Tool Steel 1 0.31 0.19 C.35 0.-9
10 0.38 0.33 0.44 0.32
40 0.42 o.46 0.62 0.45

The behavior of the E.P. type 52-100 steel and theý heat
stabilized 52-100 steel is essentially the sane at corresponding loads
and test flu-ds. Values for the M-10 tool steel tend to be somewhat
lower at the high luad (40 kg.) thai, Lhose for the other two steeis.
The tricresyl phosphate appears to be effective in reducing the wear
values for each type steel shown. Thds preliminary data would indicate
that the four-ball, wear tester can be used to evaluate the relative
wear behavior of fluids and lubricants in relation to the bearing
surfaces shown.

Further work will include the evaluation of various extreme-
pressure and mild E.P. type additives relative to these bearing surfaces
as well as the behavior of mixed bearing systems, that is, systems such
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U . as E.P. type 52-100 steel-on-heat stabilized 52-100 steal.

S3. Lubrication Studies With Tit-nium arn Titanium Alloys. This
Laboratory, is participating in a study of the lubrication characteri lics
of bearings of titanium and titanium alloys. This work is being done in
cooperation with the Department of the Army, Chief of Ordnance. The
Materi-is Laboratory of the Wright Air Develcpment Center has also expressed
an interest in this study.

Preliminary studies have been condacted in the Shell four-ball
-- r teF•.e; using tits-.--- and titanium alloy ball bearing tesa specimen:
as wFl2 sL; eci-l t disc specimenq. The flat disc specli"ens are used
with a speia.L test -. adapter designed for the four-bail wear tester.
The flat specimens and the titanium balls were obtained throagh the

Watertown Arsenal. The balls are 15/32-iLch diameter instcad of the
¶ standard 1/2-inch diameter for which the wear tester is desined. This

size difference in the balls requires a special adapter in the rotating
ball chuck and in the ball pot to accoamodate the sm-aler 15/32-inch
diameter titanium balls. The compositions of the titanium specimens are
shown on Table 35.

Table 35

TITANIL% SPECDEENS FOR THM FOUR-BALL ýW TEST• R

No. of No. of Alloy
Balls Discs Designation Nominal Composition, Wt.%

12 12 Ii 75A Fe=O.O; H=0.02; C=-3.04;2-i.03; O=Trece; Balance=Ti

12 6 Ti 150A Feel.3; NO.O2; Cr=2.7;
C=0.02; W-0.03; 0=0.25;
B.iance=Ti

12 6 RC 130A Yn=8; C=0.10; Balance=Ti

12 6 RC 130B FM=.; AI=4; C=0.10; Salance=Ti

The hardness of the test balls, or sperimens, in the four-ball
tester exerts considerable influence over the ball scars obtained and
the load range over hiich the balls may be successfully evaluated for
lubricity. The harder the specimens, the more satisfactory the results

* iat higher bearing loads. As a preliminary measurement, therefore, the
hardness of the titanium specimens was measured in order to establish

* the hardness relative to other test specimens successiually evaluated with
a Shell four-ball wear tester. These hardness values are shown on Table 36.

WADC TI 55-30 Pt 3 -100-



Table 36

HARD•ESS VALUES FOR TITANIUM AMD TITANIUM ALLOYS

Metal Specimen Hardness

Sheet Stock from WACD
SL-53 Rockwell C 28-31
W7 (T-l) Rockwell C 24-25

Watertown Arsenal - T! Balls
-Ti 75A Rockwell C 20-21

13 f99)
NC loJA Rockwe• l C 43
OR 130B Rockwell C 33-39

RC 150A Rockwell C 42-43

The hardness increases with increasing hardness number. Values
* ion the Rockwell C scale are indicative of narder specimens than the

Rockwell B scale. A hardness of 20 on the Rockwell C scale is equivalent
tc a val,,e of 98 on the Rockwell B scale. The titanium alloys are some-
-',at harder than the titanium 75A which is essentially pure titanium. The
titanium alloys are not as hard as the 52-100 steel bearing specimens used
for the builk of the four-ball wear studies. However, softer specimens,
rnamely Naval bronze and C-1019 soft steel, have been evaluated successm-
fully with the four-ball wear tester in the low load range.

Wear characteristics with stainless steel balls may be of
consiaerabic interest in this discussion because of the similarity of

corrosion resistance between titanium and stainless steel. Data are
presented on Tables 37, 38 and 39 to illustrate the four-ball lubricity
measurements with the various types of balls discussed as a basis of1 1) comparison for the titanium studies.

The data on Table 37 shoo: the lubri-city properties of bearing
systems involving stainless steel and 52-10O steel. The test fliids
comprise a typical ester and mineral oil compcsition with and without
tricresyl phosphate as the anti-wear additive. it can be seen that
stainless steel bearings are much more difficult to lubricate than the
conven•onal 5?-1O0 steel bearings. it is evident, novever, that the
same general tre',d exists in the lubrication or the stainless steel
and 52-100 steel systems. This relative ease of lubrication correlates
well with the relative ease of metal attack, or corrosion, of the
stainless 3teel and 52-100 steel. It can be noted that the maximum
differences in stainless steel and 52-100 steel show up at the higher
loads (40 kilograms) where increased chemical activity is required to
allow adequate lubrication via chemical erosion or polishing. These and
subsequent data also point up U. desirability of using the harder
member of a dissimilar bearirg system as the rotating member of the
four-ball wear tester.
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Table 38 shows the wear values for 0-1319 soft steel and 52-100
steel bearings. The C-1019 soft steel balls exhibit a hardness typical
of cold wn ked low carbon steel. These balls are considerably softer than
those of titaniu -.- th•A "e tanirUM alloys considered here. As i. the case
of stainless steel, however, the basic ingredient is still iron. This is

amportant since it has bee,, shown by several investigators that additives
of the ricresyl phosphate type work by forming a low melting iron-phos-
phorus alloy. Ln general, tne wear values for the systems involeir.; C07019
soft steel are high, but ýhe effect of tricresyl phosphate is still evident.
It is apparent froe the scar sizes that loadings of 10 and 40 kilograms
are excessive for these soft bearing systems. This suggests that the
four-balI sear test-- may be useful in evaluating chemical Dieron•ena
involvtd !.. ±uericat.n-. even though the actual bearing loads used in
practiceý cannot adeqattly be mirrored.

Table 39 shows some steel-on-bronze wear data from the four-ball
wear tester. These data include the four fluids discussed in the two
previous tables and, is. addition, a mineral oil and ester containing
S-106 which is a zinc neutralized di-thiophosphate additile. The softer
metal, or the one incun-ring the most wear, is now a non-ferrous uetal.
The fluids containing the tricresyl phosphate do not produce decreased
wear. The various -lasses of fluids do, however, produce re•.oducible
scar values representing varying degrees of lubricity or wear. Again,
as in the case of the 0-1019 soft steel, the talues are excessive for
the higher loadings (iO kilograms and above) indicating that the wear
values have been obta3ned at a loading above all practical bearing
loadings involving br%,nze bearings. The relative degrees of wear do,
however, line up ro.ghly In accordance with ease of corrosion of the
bronze in a high temperature oxidatior process involving the lubri-
cant, air, and bronze surfacs. That je, the miner.-al oil shows less
bror•ze corrosion upon oxidatien than the ester. The tricresy! phosplate
and zinc di-thiophosphate show irnroaaing rýates of bronze corrosion on
oxidation. It should be emphasized that all cf the lubricant compositions
discussed here are considered good lubricants for steel-on-bronze bearing
systems.

Table 40 shows scme bronze-on-bronze wear data for a typical
Spec. MIL-l-7808 synthetic lubricant (PRL 3161) by itself and with
quantities of chemically active extreme-pressure type additives.
These extreme pressure additives all show excessivc chemical activity
with bronze. The bronze wear values for PRL 3161 increase with the
addition of these relatively corrosive extreme-pressure additives.

In general, these results indicate that some significant
wear and lubricity data can be obtained with metals other than 52-101)
steel and with hardness values considerably below the optimum, which
appears to be an the range of 60 to 65 Rockwell C.

5
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Table 37mTAINLnbS S'•I.L-52-JSA•, EAR1,G S=L VGCAR CHARACTERISTICS
T T HE SPkiýL FOUR-BAIL NEAR TESTER

"CTest Conditions Include: Test Time = 1 hour; Test Speed = 850 r.p.m.;
Test Temperature = 75"C.; Bearings = Stainless
Steel Ball Bearings (0.5 inch tiameter) SKF
Industries Grade #1 and SKF Industries Grade
#1 (0.5 inch diameter) Steel Ball Bearings,

% PRL Batch 19.

.. ;t -,Aids Include: PPL 2574 = Typical 1%-drocarbon-base 1tydraulic Fluid
SPRL 3078 = 1.0 Wrt.% Tracresyl P|.-.te in PJ 2574
PHI- 2429 = Di-2-Ethylhexyl Sebacatc (Plasticizer Grade)
PRL 2860 = 1.0 Wt.% Tricresyl Phhosphate in PHL 2429

'2 I Average Wear Scar Di..at.r, =. at
PRI Designation I KR. 1 10 Kr. 1 40 Kg.

Steel-on-Steel Bearing Surfaces
2574 0.35 0.6 .66
3078 0.15 0.22 0.44
2429 0.26 0.55 0.69
2860 0.14 0.26 0.37

Stainless Steel-on-Stainless Steel Bearing Surfaces
2574 0.33 I 0.53 1.56
3078 0.21 0.30 1.43

-- 2429 0.44 0.85 1.23
2860 0.21 I .63 1.12

L Rotating Steel Ball-on-3 Stationary Stainless Steel Balls
257A I 0.33 o.46 0.54[ 3078 0:14 0.25 0.4
22 0 .20 O.42 0 050

2860 0.15 0.29 0.37

" Rotating Stainless Steel Ball-on-3-Stationary Steel Balls

2574 0 036 0.62 1 136
, 3078 0.15 0.25 0.44

.L 2429 0.38 0.71 1.17
0.19 0.29 1.:10

4T.
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Table 38

Ca-?ARISON OF THE it CHARACTERISTICS BETlKWN 52-100 BEAPING STEEL
AND 0-1019 SOFT STEEL BEARIEGS IN THE SHIIL FOUR-BAIL "t-AR TESTE

Test Cunditions include: Test Time = 1 hour; Test Speed = 850 r.p.n-.;
Tett Temperature = 75°C.; Beari-gs Kilian Steel Ball corp.
C-1L19 Soft Steel Balls (0.5 inch diameter) and SKF Industries
C--!! #1 (0.5 inch diameter), Steel Ball Bearings, PiL Batch #9.

Test F)uids irnlude:
PM. 2574 = Typical Hydrocarbon-base Hydraulic Fluid
PRL 3078 1.0 Wt.% Tricresyl Phosphate in PRL 2574
PRL 2429 = Di-2-Ethylhexyl Sebacate (Plasticizer Grade)
PRL 2860 = 1.0 Wt.% Tricresyl Phosphate in PRL 2429

P s oAverage Wear Scar Diameter, cm. at

PRL Desiznation I Kg. 1 10 Kg. ' jOKg.,
52-100 Steel-on-Steel Bearing Surfaces

2574 0.35 o.56 0.66
3078 0.15 0.22 0.44
20.26 0.55 0.69
260 0.14 0.26 0.37

i O1019 Soft Steel-on-Steel Bearing Surfp-- -

2574 0.70 I 1.50 1.79

3078Httg 02.25 Soft sttina 6Ba 9s:2429 0.72 1.23 .4328 60 0.65 [ 1,136 1.•
SRot at in 52- 200 Stee l BaU -or -3 Soft Stee l St atio nar Bals -

2574 __ __ _ o.5 0.63 08
3078 (0.36 0.52 0.84 1
2429 o.56 o.66 0.78
2860 o."4 o.56 0.70
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I Table 39

STE-L-ON-BRONZE W'EAR CHARACTERISTICS AS MEASURED ON THE

ST SHELL FOUR-BALL WA TESTER

Test Conditions include: Test Time = 1 hour; Test Speed = 850 r.p.m.;
Test Temperature ý 75*C.; Beariugs = SEI Industries Grade #1 (0.5
inch diameter) Steel Ball Bearings, PRL Batch #9 and Hartford•- -- Steel Ball Co. Naval Bronze Grade 01 (0.5 inch diameter) Ball

Bearings, PRL Batch #5.

-- TesL FlUidz 1 1-1.de:

PRL 2571. = .oica Hydrocarbon-base Hydraulic Fluid
PRL 3078 2. WtO.% Tricr~syl Phosphate in PRL 2574
iK'nh 3302 = 1.0 it.% S-1.6(I) in PRL 2571"
PRL 2429 = Di-2-Etbylhexyl Sebacate kPlasticizer Grade)
PRL 2860 = 1.0 Wt.% Trier Is1 Phosphate in PRL 2429
PRL 3303 1.0 Wt.V5 S-i0815 in PHI 2429

Average Wear Scar Diameter, ram. at[PHL 0.4 Kg. 1.0 xg. i 0 xog.
SDesignation Stel- I Bronze I Steel I .Bronze !Steel I Bronz•e

Steel-on-Steel Beari• System

• -- I Rotating Steel Ball-on-3 Stationary Bronze BallIs

$ 2574 01 35~ 1 - 1.0

3078 0.360.43 i.2

3302 0 296 0 O.33 11

2429 o02 0.63 0.97
2860 -0.69 - 0.78 1.43'1 3303 0- 0.54 0.61 -9 1.10

Rotating Bronze Ball-on-3 Stationary Steel Balls
2574 0.19 I 0.37 0.3? I 0.46 I 0.6 I 1.62
3078 0.19I 0.30 0.26 43.16 0.38 j 1.25

3302 o~l 61.4 ~ I 0.74 1 • 174

2429 0.36 0.1.0 0.33 0.56 0.50 0.913302 0.18 0.34 0.24 0.346 0.3 1.6

t 2860 0.23 0.42 0.30 0.50 0.53 1.04
3303 0.21 I 0.38 0.30 048 ( .')a 0.93

S(1) Reaction Product of Dodecyl Alcol-ol, Phosphorus Pentasulfide, and
Zinc Oxide.
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Table 40

W AR CHARACTMRISTICS OF SOME FLUIDS WITH BBNZ -ON-BRONZE BEARINGS

Tests Conducted with Shell Four-Ball Wear Tester for 1 Hour at 75-C. With
Bronze-on-bronze Bearing Surfaces.

Bronze Ballbear-Ings = Hartford Steel Ball Company, Naval Bronze Grade #1
(0.5-Inch Diameter), PRL Batc, 44.

Test Fluid FRIL 3207 X05 Wla.% Phenothlazine in Di-2-Ethylhcexy Sebacate.

Ave. Wear Scar
Diam.; mm.

%__ fadaitt~ve in FBL. 320r, 1 !ýg- 10 Kg.
3.9 Acyloid RF-25 - _.0 Ticresyl Phosphate(PPL 3116) o.46 0.91

10.0 Fluorolube FS 0.64 1.03

10.0 Aroclor 1248 0.80 1.69

;.5 Santopoid 3 0.76 1.13

- 0 Ortholeum 202 1.12 1.19

In general, these results indicate that some significant wear
and lubricity data can be ootained with metals other than 5ý-10 steel and
with hardness values considerably belowa the optimum, which appears to be

Preliminary wear studies ;ith titaniu= 75A are shown on Table 41.
Steel (52-100 steel)-on-titanitr4 as well as titarnia-on-titariium data are
presented. The bulk of the tests have been conducted at a load of one
kilogram. A few exploratory tests have been attempted at 10 and 40 kilo-
grams load in the four-ball wear tester. For the majority of the tests,
di-2-ethylhezy)l sebacate with various classes of add'- ives has been used
for the test fluid. Di-2-ethylhexyl sebacate shows p.od lubricity proper-
ties with steel as well as steel-on-bronze bearings.

The one kilogram test with the di-2-ethylhexyl sebacate type
of fluid containing 5.0 weight per cent tricresyl phosphate (PRL 3161)
had to be stopped after I minute test time because of the noise and
vibration noteo, which is generaly ildicative of failure of the lubri-
cant. Fluorolube FS, which is a polymer of trifluoromonochloroethylene,
shows only a slight improvement over PRL 3161 in lubricity for titanium-
on titanivm. incipient breakdown of lubricity was evident when the test
vas terminated after 5 minutes. The supply of titanium test specimens
is quaite limited; the-efore, no furtLar titanium-on-titanium wear tests
"have been conducted. in the region of normal wear, it is possible to
obtain as many as 10 to 15 tests with one set of 3 stationary balls and
4 to 6 tests with one rotating baLl. Running under conditions of incipient
failure is undesirable since it reduces greatly the number of tests that
can be obtained with a given set of balls.
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Teble 41

NEAR CHARACTFARISTICS OF TiTAWJIM (75-A)
TESTS CEADUCTES In THE SHEdL FOLU-BALL WEA' TESTER FOR I 55CR AT iEC.
-T BALLS - BSE INDUSTRIES GRADS j1 (0.3 IKCH DIAMETER) STEEL 8ALLBEARINGS, PF BATCH #I:.
TEST FL"0 'a W,"j - 0.5 HT.( P".EhOTHIAZINE IN 0I-2-ETiYLHXYL $£BACATE.

I TEST - - AVE. WARA SCAR - - -"- EEARING TSME, DIAN., IG.
- V.% A;.IT;nE MX FP. -7 SYSTEM 4I4S. K XG. IS KG. AO E6.

3.9 ACR'LOID HF-.2 5 .0 TNICRESYL PHOSPFATE TI!:TI 1 1.!7
'PF4. 3161) STEEL-OH-TI IS . -

IOU FE TI-CA-TI 3 1.6
S.TEEL-oA-I L4 0.47 0.47 3'.1

S -10.0 FLUGRDLURE FS STEEL-ON-TI 60 0.42 -

10.0 HEXACHLOBROBBRGT-IEHE STEEL-OH-TI 60 3.42 -

1 .0 PEVLSUOROBUTYRIC ACID STEEL-E4-Ti 60 3.44 )
10I.0 ARMORt 1248 STEEL-OXI-TI 60 0.32 6.370i)

D i7-5 SAN7i0POID S STEEL-ON•-TI Q, 0.52

5.0 ORTP-OLEUI 202 STEEL-O-ICT 60 0.56

(1) 10 KG. LOAO RUN VITHOUT DISTURDIRG STATIONARY BALLS FO.LOBIXS I 1C RU;E.

SLubricity tests vith titanium h2ve, therefore, been concentratec
on steei--.zn-t-tanium system,. For these studies, a single 52-100 steel

- ball is used as the rotating member and three titanium balls are used as
the stat-oaary member of the bearing. These steel-on-tita-uim results

| lindicate that phosphorus-containing additives are not particularly effec-
tive in neel-on-titanium lubrication. This applies equally to tricresyl

I phosphate and phosphoric acid. Both of these materials are effective
H, lubricity additives for steel-on-steel systems. The phosphorus-contain-
.i i ing additives work on the basis of iron-phosphorus alloy formation in

I the bearing area, which results in smoothing or chemically polishing the
I ~bearing surface. The use of an acidic phosphorus compound, in general,

increases the effectiveness by virtiue of pb.Wsical adsorption on the metal
=s-rface, thereby reducing the concentration of additive required.to

I .. produce a given lubricity level.

- L The use of extreme-pressure type lubricity additives contain-
ing fluorine and chlorine, chlorine and sulfur, chlorine, and sulfur

* p appear to be effective in reducing steel-on-titanium wear. The composi-
tion of Fluorolube FS h~s already been discussed. Aroclor 1248 is believ
to be a chlorinated biphenyl. Santopoid S is a chloronaphtha xanthate

. containing 10 to 15 weight per cent sulfur and 30 to 35 weight per cent
chlorine. Ortholeum 202 is a sulfurized terpene containing about 35 weig
per cent sulfur. These materials are conventional extreme-pressure agent
for steel-on-steel. They appzar to be effective because of a substantial

I rate of chemical erosion of an iron ccmpound formed from the active
- -ingredient of the extree-.!ressure additive in th" bearing area to proven

seizure and welding of the metal parts. This behavior suggests that the
V mechanisn by which these extreme-pressure additives work i.. one of
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sufficient cnemicai erosion of the steel bearing area to keep to a mini-
mum the rate of titanium pick up on the rotating steel ball from the
stationary titanium balls. Tt is believed that substantial titanium pick
up by tae rotating ball must be prevented to achieve low sear. This is
based pa~ticlly on the comparative effect of Fluorolube FE with steel-on-
tittaium versus titani',z-on-titanim.

SThere is some difference between the extreme-prýssure type
additives in their effectiveness on steel-on-steel and steel-on-
titanium. The ester containing 10.0 weight per cent h-exachlorobutadiene
and toe e6ter containing 1.0 weight per cent perfluorobutyrzc acid are
no, z±fe we steai-on-titanium lubricants at the one kilogam= load in
the fc.'ýn-uX wear .•ter. Cf noe exreme-presszrr typ: a•M2'ivee eva.u-zted in t!e two types -4' bearing systems, Aroclor 124S and perfluorobatyric

aacid are nnt effective for steel-*n-steel while hexachlorobutadiene and
perfluorobityric acid are not effective for steel-on-titacrobu. It has

bee.i suggested that the fluorine may be a critical constituent in a good
titanium lubricant because c. the ease of formation of titanium fluoride.
There is no indication that perfluorobutyric acid is effective. Similarly,
in steel-on-steel syt-Las there is no indication that a compound contain-

.g fluorine without. chlorine is effective. Compounds containing both
fluorine and chlorine appear to oe particularly effective in both steel-
on-steel end steel-on-titanium.

A few Lests have been conducteo at loadings of 10 and 40 Kilo-
grams for steel-on-titanium in the four-ball wear tester. These tests,
in general, emphasize the extreme difficulty in obtaining good steel-on-
titanium lubrication. Results of lubrication test: in the four-ball
wear tester usins_ steel-on-titanium alloy discs or balls are shown on
Table 42. Several comparative points are given for toe discs and the
balls on Table 42. In general, the titanium alloys are somewhat harder
than the titanium 75A disc'isaed previously. These data show that steel-
on-titanium alloy systems appear to be more difficult to lubricate, in
general, than steel-on-titanium 75A.

ro summarize, titanium specimens in the form of discs end balls
can be prepared to satisfactory properties for usc cc specm-ens for the
Shell four-ball wear tester. No effective lubricants have been found
in these preliminary tests for tItanium-on-titanium bearing systems.
In general, conventional extreme-pressure lubricant compositions shea
some degree of effectiveness for steel-on-titanium bearing systems. The
mechanism by which steel-on-titanl' lubrication is achlesed appears to
involve, primarily, chemsca! reaction with the steel. It would appear
that steel-on-titanium bearing loads might be at least as restrictive
and probably considerably more restrictive than steel-on-bronze bearing
loads. Steel-on-titanium alloy bearing systems appear to be somewhat
more difficult to lubricate than steel-on-titanium.

W 5 3
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SI Table 42

,YEAR CHARAC'EIMSTICS OF SNE "IANIL•4 AUIAAYS

I teTts Conducted in Shell Four-Ball Wear Tester for 60 Minutes at 75°C.
Test Fluid PILL 3207 = 0.5 Wt.% Phenothiazine in Di-2-Ethylhexyl Sebacate.

Wear Scar
Diam., rm. at

Additive in PR- 3207 Bearing System 1 Kg. Lead

iC9 " .=rohutr Steel-on-Ti Balls 1.58

Alloy RC 130-B
100 Fluorolube FS Steel-on-Ti Balls 0.21

Steel-on-Ti Discs 1.80

T 10 Fluorolube ?S Steel-on-Ti Balls 2.58

7.5 Santopoid-S Steel-on-Ti Balls 2.60

I 5.0 0rtho!c-= 2D2 Steel-on-Ti Balls 0.28

Alloy RC 150-A
1 1'0 Fluorolube FS Steel-on-Ti Balls 0.80

Steel-on-Ti Discs 1.17

S1100 A-ocicr 1248 Steel-on-Ti Balls 1.80
"Steel-on-Ti Discs 2.08

. 5.0 Ortholeum W)2 Steel-cn-Ti Balls 2.32

C. OXIDATIO AND CORROSION STUDIES. it has been pointed out
°_previously thazt oxidation and corrcsim.n properties are among the =•st

critical for jet. engine lubricants. Th incorporation of addit-ves,
particularly extreme-pressure lubricity additives, generally affect
adversely the oxidation and corrosion characteristics of esters and
ineral ,s. Oxidation aId corroson studies have been conducted in the

m=oderatetemperature range (347TF.) to determine the effect of variousIlubricity additives, oxidation inhibitors, and V.I. improvers (polymeric
additives) on esters and mineral oils. Oxidation and co.rosion tests at

IT high temperatures (500*F.) have, for tne noot part, been conducted on
essenzia.-L non-additive base snocKs representine the- various chemical"classes of fluids that show promise as high temperature fluids and lubri-
cants.

1. Phenothiazine Dirtiness. Phenothiazine is being used widely
as an oxidation irnhbitor for synthetic hydraulic fluids and lubrice.ts
of the ester type. Phenothi:.zine has been fouxd, n this application, to
be a•ng the most effective high temperature oXidation inhibitors, in
terms of stable life or induction period of the fluid. Phenothiazine does,
.hoN=jer, have one cenaracteristic uhich is typical of all of the amine type
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-oxidation inhibitors evaluated by this Laboratory. That is, phenothia-
zine or other amine ýype inhibitors have a tendency to cause a darkening
of the fluid and to form a trace of solid material within the stable
la.fe or irduction period of the fluid. This phenomenon is referred to
as '"trace dirtiness- in this discussion. There is evidence that trace
dirtiness due to phenothiazine is encountered in essentially all of the
relatively severe accelerat6d laboratory oxidation and corrosion tests.
Thiis is Darticularly true in the Spec. MiL-L-6387 cnd MIL-1-7808 oxida-
tion tests cnr'ductd at 3L0F. for 72 hours. Evz.luation of esters
inhibited with hindereG phenol type oxidation nb.hibitzrs (Paranox 411
a-d ASi4iýnýOant 2244) shows essentially no trace dirtiness within the
stable L-- :r rZZ..on period at tenperatures of 250" to ?0,°F. These
data inda-rate that tr. trace dirtiness is a function cf the pnenothiasine
rather unan the ester case oil.

The Wright Air Development Center and several users of pheno-
thiazine inhibited Spec. HIL-L-7808 type lubricants have indicated that
trace dirtiness occurs in actual lubricant systems. The source of this
dirtiness noted in service use is much more difficult to locate and
cpharaccerize than in the laborator. accelerated oxidation and corrosion
tests. This Laboratory has critically revaluated some of the oxidation
and corrosion data for phenothiazine-inhibited esters to determine any
"trace dirtiness" and its relaticnship to phenothiazine.

A series of stable life type oxidation and corrosion tests
have been sarrica out with phenothiaszine-inhbited di-2-ethylhex4l
sebacate (PPL 3371). The eoncentration of phenothiazine was increased
stepwise from 0.1 to 2.0 weight per cent in this series of teats.
These data are shown on Table 43. it can be noted that the effect of
increased concentration of phenothiaszie on stable life is essentially
lir.-ar. That is, doubling the phenothiazino concentration, within this
concentration range, essentially doubles stable life. This trend has
been noted and discussed in previous reports from this Laboratory. The
interest in this discussion is in the sacrifice in properties, if ary,
that result from obtaining increased stable life by increased amounts
of phenothiazine. For the most part, the fluids f-,m the oxidation
tests shown on Table 43 have exceeded the stable life, or induction
period, and are in about the same state of incinient oxidation, as Julged
by overall property deterioration.

A 20-hour oxidation test watn, an uninhibited di-2-ethylhexyl
sebacate sample is shown as a basis of comparison. This u-ninhibited
sample shows essentially the same degree of oxidation on the basis of
viscosity and neutralization numrber changes. The major difference,
however, is in the oil insolubles iosned and the condition of the
metal catalysts. There are no oil insolubles in the urwinhibited
PRL 3371 sample and the metal catalysts show no signs of coating.

The samples cont-ainin ph-nothiazine all show some oil
insolubles and metal coating trends. The motnt of oil insolubles and
the metal. coating tendencies inorzase with increasing phenothiazine
concentration. These data would indicate that steps in ester refining
would be preferable to increasing the phenothiazine concentration an
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order to acnieve a given stable life or induction period. Previous
reports, e.g. PRL 5.4-S3"p52, indicate that overall fluid stability
can be achieved by cither inCreased oxidation inhibitor cýncentration,
or by improved" rc-fining and purification procedures for the bulk ingredi-
ents of the fluid.

The discussion, thus far, has been concerned with statle life

tess. A series of Spec. HiL-.•0'8 oxidation and corrosion tests at
347°'. for 72 hours have been conducted with di-2-ethylhexyl sebacate

contulning varying percentages of phenothiazine. These data z.re shown on
lable .,4. The fluids from these tests are all well witain the induction
peri.+ There is no appreciable difference in the trace dirtiness
chir - -rý.stcs ý, these three test fluids cuneininzrg Ž,. 0.5 tc 2.
wei-:t per cent ph .othiazine in the 72 hour Spec. MIL-L-7808 oxidation
and corrosien test.

V Trace dirtiness characteristics of phenothiazine-inhibited
esters have also been evaluated at temperatures of .00" and 500"F.
These tests have been conducted in accordance with the general procedures
and techniques of Spec. MIL-L-7808. Tests at 500*F. were conducted
without the magnesium metal catalyst. It has been found that magnesixm
corrosion becomes trouolesome at 4001F. aid above, particularly if an
appreciable amount of oxidation occurs.

Li The data for 400F. oxiaation tests with PIL 33L47 containi.g
$-5,±.u and 2.0 weignt per cent phenothiazine, respectively, are shown
on Table 45. These are stable life tests in which the stable life has
been exceeded in each case. As in the case of the similar data at
347"F., the change in viscosity and neutralization number indicate
about the same degiee of oxidation. The oil insoluble material and metal
coatings show an increase with increasing phenothiazine concentration.

Mcre extensive oxidation and corrosion testing has been con-
ducted at 500*F. on phe~iothiazine-inhibited esters. At 500"F. the honeo-
thiazine-inhibited esters have essentially no stable life or inductien
period. The effect of the phen:t÷hiazine is to slow down the rate of
oxidation rather tna, to prevent oxidation, as is the case in the con-
ventional induction period =t lower te=periatures.

The effect of pnenothiazine concentration has been evaluated
at 500*F. in a 30 hour test. These data are shown on Table 46. The
information ootsined at 500*P. incluaes quantitative data on the amo.-nt
of oxygen absorbed during the test. Typieal oxygen absorption data

Iii given on Tatee 46 are shown in Figure 24. These rate data show that th~e
-- '.. of oxygen absorbed decreases with increasing phenothiazine concen-
tration over the concentration range of 0.5 to 2.0 weight per cent. The
data for the oxidation of PRL 3371 without an ir.hibitor for 30 houra at
5001F. are shown on Table 47. The oxidation rate for the blend containing
0.5 weight per cent phenothiazine is approximately 60 per cent of the
oxidation rate of the uirhibited PRL 3371. These data again pre~ent a
valid reaoan for the use of phenothiazine in esters as oxiaatior i.,hibitors
at 500"F:
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In comparing the results at 500F., it can be noted that addi-
colurns are auded for the values of isopentane insolubles ara the

viscosity charge after removal of isopentane insolubles. These properties
are in effect an additional measure of dirtiness vhich could be called
kpotential dirtiness. A study of the solubility of oxidized ester products
indicates thac ester materials which are highly oxidized are insoluble in
the originai ester and in isopentane. Ester materials undergoing only
.light )xidation remain soluble in the original ester and in isopentane.
During the courve of the oxidation, hoj.ever, the oxidized portion of
tne estei passes through a stage of intermediate oxidation in hilch-the
material i- soluble in the original ester, but insoluble in isopentane.
Aý h!:- ee of =-ciaation the materials are approaching sludge, or ester
insol,,tblea, r.ýpii•"y. in the isopentacie insoluble c-tagc, v'• Psteria]
.auses ;atner large v-eosltty increases.

The data shovn on Table 46 indicate that while the amount of
oxygen absorbed decreases with increasing phnothii ne concentration,
The amounts of oil insolubles and isop4.ntane insolubles increase. It
can be seen that the oil soluble-isopentane insoluble portion of the
oxidized fluid causes the majority of the viscosity increase in the
oxidized fluid. These data show the effect of pherothiaz-ne concentra-
tion under a given set of test conditions at 500-F. Report PRL 5.8-Sep53
contains a discussion of the co.narisn of oxidation of fluids at 500*F.
as a function of oxygen absorbed and test time.

Oxidation and corrosion results at 5O0"F. as a function of
oxygen absorbed and test time for di-2-etlylhexyl sebacate (PRL 3371)
uninhibited, and with 0.5 weight per cent ph-nothiazine present, are
shown on Table Q7. A comparison of the rate of oxygen absorption
indicates that the phenothiazine shows a big effect in reducing oxygen
absorption. This effect is a maximum at the start of the test -nd
tapers off as the test progresses. The comparison can only be carried
successfully to the point at which the uninhibited ester is oxidized
to essentially a solid sluage. The effect of the phenothiazine appears
to persist to a measurable extent up to this point. The relative rates
of oxygen absorption wit,. and without phenothiazine are shown in Figure
25.

Comparison of dirtincss (Table 47) on a time basis indicates
that the uninhibited and inhibited fluid exribit aterut the same degree
of dirtiness after 12 hours test time, but from 12 hours upward the
rate of sludge formation is about twice as rapid fur the uninhibited
fluid. That is, the unihibited fluid is oxidized to a solid at room
temperature in 30 hours compared to 60 hours for the phenothiazine-
inhibited fluid. At this point where the fluids become solid, about
the same amount of oxygen has been absorbed by both the inhibited and
uninhibited fluids.

A more interesting comparison for dirtiness can be made by
comparirg the inhibited and uninhibited fluids at the sane values of
oxygen absorbed. At a value of 1.3 moles of oxygen absorbea per mole
of ester %426 grams), the uninnibited ester shows 0.1 weight per cent
insolubles and 2.1 weight per cent isopentane insolubles compared
with 0.8 weight per cent oil insolubles and 6.9 weight per cent
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iscpentane insoluble for the innibited ester. The reproducibility of
the 500F. oxidation and corrosion tests is such that these may be
considered significant differences. With inireased oxygen absorbed,
the differences betu.een the inhibited and uninhibited become less until,
as pointed out above, both fluids result in a sowld at the same value
of about 2.5 moles of oxygen absorbed per mole of ester.

The overall effect of increasing the phenothiazine concentration

to et least 2.0 weight per cent is to improve the stable life or induction
period. At te=peratures of 500°F., where the induction period or stable
life is too sh-rt to measure as a significant number, increased phencthia-

-zi--n ;ncentr-,- 'n is effective in reducing the rate of oxidation. The
efT,.. oi the p,...othiazine shows good persistence for periods of >O to
60 nours at 5001F. All accelerated oxidation and corrosion conditions
give indication of "trace dirtiness" within the stable life of the fluid.
There are indications that this "trace dirtiness" increases with increas-
ing amounts of phenothiazine.

In all cases evaluated in the region of incipient oxidation,
uninhibited di-2-ethylhexyl sebacate appears to be cleaner on oxidation
than a phenotniazine-inhibited di-2-ethylhexyl sebacate. Analysis of
the oxidation products indicates that the presence of phenothiazine
concentrates the effects of incipient oxidation on a relatively few
ester molecules causing sludge, while in the uninhibited ester, the same
amount of oxygen is spread out over a much larger portion of the molecules
resulting in some viscosity increase but less sludge. These data would
indicate, in general, that it is desirable to obtain as much inherent
stability as possible by ester and bulk fluid refining so that the con-
centration of phenothiazine may be held to a minimum.

2. Effect of Phosphorus Type Lubricity Additives on 5O0*F.
Oxidation and Corrosion Stability of Ester-Base Compositions. Oxdation
and corrosion test data for phenothiazine-inhlhited ester-base fluids
are discised in rcoort PRL 5.8-Sep53. Additional tests have been con-

_ ducted at 500"F. on complete lubricant formulations as a basis of com-
parison with the behavior of the inhibited base stock. The effect of
pnosphorus-containing lubricity additives on completed l..c-cant for-
lations has been emrhasized in these tests. Data with a typical synthetic
lubricant formulation (PRL 3161) at 5001F. are shown on Table 48 along
with similar data for the phenothiazi.e-inhibited ester (PRL 3207). It
car. be seen that oxidative deterioration of PRL 3161 is more severe,
under comparable test conditions, than that of the phenothiazine-
inhibited di-2-ethylhexyl sebacate.

"Thc ad-dditive- present in P.IL 3161, h',ich a-r n•t compnanc.ts
of the pher.othiazine-inhibited ester, are the Acryloid polymeric addi-
tive and the Tricres~l phosphate anti-wear additive. These two addi-
tives have, therefore, been added separately to the phenothiazine-
inhibited di-2-etk~lhexyl sebacate base stock (PRL 3207). Oxidation
and corrosion data at 500*F. for these compositions are shown on
Table 48.
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Table 44

EFFBOT OF PMOTHIAWL4E CONCEZ±i-ATION ON OXIDATION AND CORROSION
PPKP.RTIES OF DI-2-ETfMHErIL SEBACATE AT 347'F.

TO$'. FPDCE02 [2S 00D TECRIlC.'JO IN ACCORDA.HC' WIT"H SPEC. 1IL-I.63T87.
.EST COR,"DITIO INCLUDE; TEST ",-RATURE - ý47 1 7F.; AIR FATE - 10 t I LITERS PER FOUR;

TOOT T010 - 72 P'0TS; CATALST - A I INCH SOIARE EACH C; METALS.1

1 INDICATED • -I*2-ETfYIMEXL •EBACATE "|FL "371)

- 110I010 HUGER~, GRAMS 9I 1
1I.1"ZO LOSS, e3. 2 3 0

% 000022. IN 0001121010 VISCOSITY '0O I)0"
AFT•IER REMO'i.• OF OIL I-SOLOBDLE MA•TERIAO•l#;

A1 130-F. .2 3 I *
AT OF. .5 "6 .13

AFTER REMOVL. OF ISDOPETAWE I1,SOLULE MATERI,.021)
AF IO 130ýF.0

0"00. 0%•, 000H/GX" OIL)

I >

lI - o . I o .I0 .. 1
VT O I.L .2 I.000.0

A.S.T.M. UNION COLOR

J i l:ý C;L INSOLUBLE( HATEAI/A. T. . RACE

VT.% ISO12 [0Th0E I21t0 0L0 KAmERIAL 1.2 0.6 0.2
FINAL C.ATALYST CONDITIOND

COOPE R DULL PILL ROL
ST-- DUL DU.0 01. RLL OJIL
ALUMINUM CULL. DULL fi10SHY
MAMSI00 B00I0GT DULL BRIGr'S

iii WT. LOO (112.100. CH I
CtPfpR 0.00 ,C.04 0.12
STEEL 0.00 +0.0. 0.02
ioDM2 K0.02 ..0.0
10000S110 0.00 .0.03 00D0D

(I) OIL INSOLUBL.E MATERIL. IS REMOE0 BY CIENTRIFUGING. OXID01ED FLUID IMMEDIATELY AF01T0 Cx-
P1f0JD0 OF TEST. IK1E OIL IN1OL, 20UL An WASHED WITH A LOV BOILING PET0R712 !..APMTA A0n
D0RIED EFO'O 0EI0H1110.

_ - (2) TOO ISOEP•IA%' 100•1A0•LE IKATERIAO. IS EPORTED AS T:01 0IM OF THE OIL INSOLUBLE M1ATERIAL. PLUS
T7 HESOOO E25 A0 I2 ,.20USE M1ATERIAL. ISOPENTAKi0 INSOLULE2 . VkT(RIOT. 15 01ETE01lt00 By DISSOOLfIN
A SAMPLE OF X010tT00 FLU ID (FOCK 0HICH T1E OIL I1SO21,0.LE0 0A0E 2E20 REMO0ED) IA I10PE00TANE

IP 002 1(1ADI TOO2 I0EISO2.20 1100ATERI01 W0HICH SETTLES O0T.
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Table 4'5

E-FECT OF PHENOTUiAZfl, CONCEMTRATION ON OXIDATION AND CORROSION
STABITI-TT- C0 DI-2--THIL(YL SEPACATS AT 400*F.

TEST PRACSURE An TECHNIOUES 14 ACCORDANCE VITO SPEC. NIL-L-6387.
-\ ~ ~ ~ ~ ~ 0 -... 'r.;SE ETTETZAUT TEST TIME AS INDICAIE.; AIR RATE

10 ± I L0T-E;- =- 27'Z; 'ES' I.UtO - I00 ML.; AD0 CATALYST - A
I INCH SA52 EACH OP META.S IX!2AELO.

- i TEST r,10 PRL 3371 - Of- ETHfLItXYL SEBACATE (PLASTICIZER WO.E0).

TEST FLUID < ---- - --------- -PL31-
PICASIHIAZINE, RT.% 0.5 1.0 .0
TEST TIME, HOURS 42 66
APPROX. STABLE LIFE, HRSJS 27 48

I $ CHANES IN VISCOSITY
AT 13*P. -23 -24 .0

R AT E. FP. 52 I 51 21li XEUT" ho. (MS." KIGOPM. OIQ'

OIRIHAI. 0.3 0.1 0.t
FINAL 12.7 1;.1 7.3

A.S.T.M. UNION COLOR
lGI MALJ. 1-1/2 1-I12 1-12'
_FIAL >8 >0

HT.% INSOLUBL.E MATERIAL. 1.7 1.5 .

P I•,. CATALYST COSITIOq

COPPER DLULL DULL COATED

ELSTS. DULL COATED DUSL.
RSSACIA CLI CORSED AE
WLESIKES DULL. CURSED COATED

COPPER 0.:6 0.11 40.2t,

STEE, 0.00 ,0. +0.0;ALMIU -O.O +C° o +'c
Kt__ -S_ 0.0 - .. 211
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Table 46

THE EFFECT 'F FhE-OTHIAZihE CONCENTRATIOh ON O2IJATION AND CORROSION
CHARACTERISTICS OF DI-2--ECHXLHEXYL SEBACATE AT 5-0-F.

TEIT PPOCEOU'<S AND TECNIZL[ES I ACCSDSOA•LE 1"4 SPEC. IIL-L-6707.
TEL' .O'0'T!05 !'CiAIS: TEST TERPYRATI0 - 500 ± 5-F.; AIR PATE - 5 ± 0.5 LITERS PER HOUR,

TEST TIRE - 30 HOURS; TEST FLUID ClASSED - 100 AL.; CATALYST - A
I INCH S3A5. OF EiCC ETAL IhkICATECD.

TEST FLU'D DI--ETHYLEXIL SEDACATE (PRL 1371)

PRM OW:EXIPATI0RtNu, ..W3 . 0.5~±..- 1. 1 4.0

APPROX. TS0 F S M. 8.1

RMLS A- %SEOIRAL 0' ESTER 1426 GMS.) I.0 1.21 1,00

S, C . %^E II V ISCOSITY
AFTER kEKOVAL OP OIL IRSOLUSLE VATERIAL

1
2)

AT IJO1E. +116 +56 32

AFTER RMOVAL OF ISSPIENTAIE INSOLUBLE HATERIAL(3)

lv ;. IQ. KI,. . 0.1

FINAL 16.a 13,3 '7.6

- .4 OIL INSOLUBE HATERIAL , 0.4 I0.9 10.8

FINAL. CAA.TT IO%10

COPPER DOLL COATED CLOTED
STEEL COATED D OLL ULL
ELUEMIIIIO-- -- LL DOLL

yr. LOSS (RS./Sq. CR.)

COPPE o 0.7 40.17 40.18
STEEL .0.23 j 0.0 j 40.05

'1 'U4I 0.00 W 0.00 0.00

(I) =JCSXT •F OXYG0 N SI'PFLIED CALCULASEU AS FOLLOWS: AIR RATE (L.fPR. AT S.T.P., A TIME (IR.)
A 03 LOOTER! (FRACTION) X 1.A3 (OM.JLITER). AOU0r OF OXYTEl CONSUMED DETERMIN•, BY FREOU00"
38IN OF 0 X0,EOT GASES A0D AINALYSIS FOR 57.

(2) OIL IROLYLE MATERIAL IS DYRKO2U BY CENTRIFS0III OXIDIZED OIL IMIEDIATELY AFTER 'OMPLETIOX
OF TEST. T5 OIL IINSOLALLES ARE WASHE VWITH A LOW 8OILIks PETROLEUM INAPHTRA ARD DRIED BEFORE

(3) TIE ISS•EOTANE IOUCLUS-E MATER:AL IS REPORTED AS T5E SUR Of THE OIL ;iSOLUBLE MATERIAL PLUS
IHE ISO IIE IROTTX-LE MATERIAL. ISSPERTAIE INISOLUBLE MATERIAL IS CETEFMIIED BY DISSOLVING

A SA4,LE 51"PTHS 10IDIZED FLUIS (FR00 WH1CH IRE OIL IRSM-OT-ES hOVE BEEN RENO2E0! I ISOPENRTIE
A82 WTEIGAIN$S THE INSOLUBLE MATERIAL 41CH SETTLES OUT.
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:.,b.ie 41j

aFYECT O TrICR•AYL PHOSPHAIE ON UXIDATION AND CORROSION A7 5C00F.

Test Conditions: Tuit Time - 20 H!-.; Air Ratc - 5 l./hr.; Test Fluid
1O0 ml.; Catalyst. a 1 Inch Square. of Fých Metal.

Test Fluid = .5 Vi.t% Phencthlazine in Di-2-Ethylhcxyl Sebacate.

Ticresyl PhosphAte, Wt.% 5.0 - 5.0(1)
Aciyloid HF-25, Wt.% - 3.9 3.9

Oi.. irisol. Removed +44 +118 -13 +32
;,..piritane T, oj. Removed +.4 +79 -22 -23

Neut. No. Increasz. 15.3 15.2 13.6 13.3
Wt.% Oil Insolubles 0.1 3.6 0.2 3.3

Wt.% Isopentane Insolubles 4.8 8.3 3.5 8.6

Catalyst Loss (Mg./Sq. Cm.)
Copper 0.08 0.05 0.05 0.60
Steel 0.00 .0.07 +0.04 +0.02
Aluminum 0.00 +0.04 0.00 0.00

(1) This blend is equivalent to the finished fluid, PRL 3161.

These data indicate that the increased oxidative deterioration
is due to the tricresyl phosphate anti-wear additive. The presence of
the Acryloid has no deleterious effect on the oxidation stability of the
fluid. The blend containing the Acryloid shows a viscosity loss, or
less viscosity increase, on oxidation than does the phenothiazine-
inhibited czter. It has previously been shown that these viscosity
changes are due to the thermal properties of the Acryloid polymer and are
not a direct function of oxidation.

The 500&F. oxidation and corrosion tests have been extended
to include PRL 3161 type formulations con-%aining alkyl acid phosphates
a.-d phcsphitcs. These oxidation and corrosion results are shown on
Tables 49, 50 and 51. A brief simmary of test reproducibility may be
helpful in understanding these data. Test results at 5000F. indicate
that the deterioration noted in a given test is probably better expressed
as a function of oxygen assimilated than as a function of test time.

Figure 26 shows a typical plot of deterioration properties
for phenothiazine-inhibited di-2-ethylhexyl sebacate (PRL 3207) as a
function of oxygen absorbed. These data have previously been presented
in table form as Table 26 of report PRL 5.8-Sep53. These data indicate
that property changes, such as sludge formation and neutralization
number, are relatively gradual over the range of 0.5 to 1.5 moles of
oxygen absorbed per mole of di-2-ethylhexyl sebacate. The molecular
weight of di-2-ethylhexyl sebacate is 426 grams. The viscosity change
over the same rank of oxygen absorption is included on Figure 26.
Since dirtiness is the prlmary point of comparison between the ester base
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stock and FR, 3161, a pl-t of isujentane insolubles versus oxygen assimi-
lated is .hown on Figure 27. S v-ilar values for die ester (taken from
rigore za) are shown for t=parison. These data indicate the striking
difference in the rate of formation of isopentane insolubles.

The estimated overall rtpsuduclo.llity of measurement of the
SaYygen absorbed using the test techniques described in report PRL 5.S-Sep53
is shao. on Figure 27. These limits are dete..rinsd by th• enbined range
in erro.'s estimated for the measurement of air rate and the -nalysis of
the exhaast gas for oxygen coittent in the range of test severity noted -ur
the data on Tables 49, 50 and 51. It can be seen that for the sane
renroducibility of the test procedures, the PRL 3161 fluid shows a much
wider ra',1 vr in ths w'ues of sludge formation than does the ester. In
ecopar-. ,• ;ne relat; - rates of oxygen assimilation on fanie qy, it c;.n
be seer .nat much wide. lUmits of reproducibility are encountered if the
comparative tests are based on time alone, without regard to the rate of
oxygen assimilation.

The effect of varying the concentration of tricresyl phosphatE
ano alky! acid phosohites in a 2D hour, 500"F. oxidation and corrosion
test is shown on Table 49. Two batches of di-2-ethylhexyl sebacate have
been used for these studies. Both batches of ester show essentially

identical physical properties and ch=--eal stability. All of the blends
shown on Table 49, which contain tricresyl phosphate or an alkyl acid
ohosphite, show an increased tendency to form sladge. The blends con-
taining tricresyl phosphate do not show an increase in sludge forming
tendancics with inereasing tr.eresyl phosphate concentration in the -T
range of 1 to 5 per cent. The differences in sludge values for blends
containing tricresyl phosphate as noted for (1) the different grades of
ester, (2) various concentrations of erierosyl pho•phate, and (3) tests
wit-, -r '"u"t -- ' 'ates•aysts are w

i
thin the overall reprouucibility

limits indicated in the prev'use- discussion or rigure z2.

Some trends are evident in the case of the blends containing
a!,,yl acid phosphites a- snown on Table 49. Increasi7g the concentration
of alkyl acid phosphite from 0.1 to 1.0 weight per cent causes increased
sludge formation. For a given acid phosphite concentration, the amount
of sludge formed decreases with increasing size of the alkyl group.
The effectiveness of the alkyl acid phosphite as a lubricity additive
and as a synergist for oxidation inhibition also decreases with increasing
size of the alkyl group. There appears to be no significant difference
in sludging tendencies between 5CC'F. oxidation tests conducted with and
without metal catalysts. Some minor differences can be seen between the
blends with tne same additive concentrations but different batches of di-
2-ethylhexyl sebacate.

The data discussed above .ere obtained us-ang phenothiazin, as
the oxidation inhibitor. Additional data for blends containing Paranox
42.l in conj-nction foith a- alkyl acid pho-sphite as the nxdation irndbitor
are shown on Table 50. These data indicate about the same dirtiness level
as the corresponding blend containing the phenotiiazine instead of the
Paranox 4/4 . That is, a change of oxidation Lnibitor does not change
the basic dirtiness characteristics of the alkyl acid phosphites.
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Data on the dirtiness cnaracteristics of ester blends contain-
ing an alkyl acid phosphate are shown on Table 51. The composition
evaluated in this study is P1L 3313, which contains 0.5 weight per cent
of a commercial alayl acid phosphate (Ortholeum 162). This is believed
to be a lauryl acia phosphate ccupositicn. PR.L 3313A is a fresh olend
made up imediately prier to the oxidation test from raw materials avail-
a e from the inventory of this Laboratory, %hile PRL 3313 is a comercial
comositicn prepared by the PRho and Haas Comp=ny and stored for a period
of a'out 2 years before the evaluations shown on Table 51. These data

t--w a very slight increased sludging rendency for the freshly prepared
PRL 3313A over a fluid of similar composition without the dcid phosphate
ie-RAL -- '9). The P'], 3313 shows excessive sludge formation. The relativelypc-ý,r _T--r-e stz:--- lity of PEL 5313. is discussed In -=-. t•caill in rev.-rt
PRL 5.8-Sep53.

All of the phosphorus-containing ester fluids evaluated at
500"F. in an accelerated oxidation te~st show increased sludging tendencies.
Mhe use of Paranox 441 instead of phenothiazine does not alter substan-
tially These sludge formig tendencies. There is no appreciable differ-
ence in sludge forming tendencies b-LIween compositions or the FRI, 3161
type prepared to the same lub city level- in -.he one case with 5.0 weighi.
per cent tricresyl phosphat.e - i in the second case with 0.1 weight per
cent of an alkyl acid phosphite. Fore studies might profitably be -=ads

-- I on the thercal and hydrol-ytic effects involved in sludge fo_--ati.n cof
ester blends containing a!lkyi acid phosphites.

• " 3. M•i~neral Oil Oxidation Sttdjes. The. ;syn~ergisti- effect of
•I , alkyl acid phosphites on hindered phenols as oxidation inhibitors forS1 ester type sInthetic fluids has b'een discussed in report, PRL 5.8-Sep53.
i• ;. Studies of the alkyl acid phosp--ite-hindered phenol inhibitors have

been extended to mineral cils. These• stud.ies are a part of the revalua-
tion program c.-ncerned with the oxidation stability of mineral oils in

t.h- hiz temperature range. A survey of mineral oil oxidation stability
in the range of 350* to 5-00"F. has been undertaken primarily because of
the current trend toward the use of closed hydraulic systems for high
t e--perature applications.

7-• u-P of" closed systems enables the amounmt of air or oxvEen
present in hydraulic systems to be greatly reduced. Ln sucn applications,
oxidation stability may now be secondary to thc--P! stab ility in importance.
On the basis of thermal stability, it has been shown in report PIRL 5.8ý--p53
that some classes of mineral. oils are equal or superior to many of the
s2mth•tie lubricants proposed as high temperature fluls_. Ebddation

i studies at 5OO*F. for mineral- oil fractions are discussed -in report
• .PRL 5.8-Sep53. This work indicates that uner conditions of a limited

supply of oxygen, the- deterioration of mineral oils is not excessiveS~and in many cases is .o!erable. The tests presented here are oxida-
"tion and corrosion tests at- 3a.iF. (175"C.). The relative measure of
the stable life or induction pueiod has beer, studied z~ozt f~rcu--t-••

I at 3"P7"F. for ester type fluids.

Oxidation tests at 347*F, have been carried out with well
refined naphthenic miea is hs.naphthenic m.ineral oilsreesn
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a good class of low temperature oils derived from petroleumi. Most stable
life oxidation studies previously made on this type of mineral oil have
been carried out in the temperature range of 20O0 to 300)F. Under these
conditions, usin a low rolecular weight (gas oil fraction) naphthenic
oil, good cxidat.iwn ,sability has been noted. at temperatures above 300-F.
the hindered phenol type irnino-tors give less protection in a naphthenic
light oLl fraction than can be obtained readily from a ph,.vthiazine-
inhibitei ester. The solubility of phenothiazine in mi..sral oil limits
its use here.

The data on Table 52 show the results of a Spec. MI•-L-7808
jxiuL-v. a,'d corrosion test with Yoltesso 36 containing various oxida-
tion i-n.i' .,rT. ah •iproximate siable life, or 1z:dect•sor I:nd,
shown on T,,ble 52 for c -parison. Reference data for a typical blend
of a oc~erciall grade di-2-eth'T~heyyl sebacate inhibited with 0.5 ieeigiat
pe- cent phenothiazine are also shown a. a basis of comparison. Voltesso
36 is a highly refined naphthenic white oil of about 10 centistokes vis-
cosity at 100*F. Two batches of Voltesso 36 (PRL 3456 and PRL 3134) are
used intershangeably in this study.

Thie data on Teble 52 ind -ate that all of the inhibitors evalu-
ated show s.e i.mprovement in the , hour test over the Voltesso 36
without an inhibitor. The inhiPitor types represented py the trade names A
are: Paranox 441, a hindered phenol; Antioxidant 2246, a hindered phenol; A
Paranox 1, an alkyl phenol sulfide; and Lubrizol 328, a metallic salt of
an organic dithiophosphate. The only inhibitors showing a stable life
in excess of the 72 hour test time are phenyl alpha naphthylamine and
the dibutyl acid phosphite-hindered phenol mixed inhibitor. %one of
these three blends meet entirely the Spec. MIl-L-7808 oxidatip-• and
corrosion requirements. All three fluids would probably be considered
operational after this 72 hour test. .1

lThe data on Table 52 illustrate the advantages of the hindered
phenol-alkyl acid phosphite mixture as an oxidation inhibitor for mineral
oils. The studies of the synergistic effect of the alkyl acid phosphites

on Paranox 41. and on Antioxidant Z24b are shown on Tables 53 and 54,
respectively. These data emphasize the effect of varying the size of
the a]_yl group in the alkyl acid phosphite. These tests are standard -

Speoe. MIL-i-7" oxi~dation and corrosion tests of 72 nours' duration.
Again the approximate stable life or induction period of the finished
composition is shown or. Tables 53 and 54 as a basis of comparison.!
The stable life cu-ves in which neutralization nember is plotted as a
function of tins are shown on Figures 28 and 29.

Interpretation of the data on Table 53 is somewhat involved
by the fact that the tests shown, with the exception of the two contain-
ing dizmethyl acid phosphite and dibutyl acid phosphite, indicate by the
firal =eutralIzat ion number that the point of incipient oxidation has
been reached. The effect of alkyl group size on the dialkyl phosphite
appears to be much less pronounced in the mineral oil than in the di-2-
etbylhexyl sebacate as reported in PRL 5.8-Sep53. There is, however, a
trend to indicate that a decrease in alkyl group size improves both
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oxidation stability and corrosion properties toward metals. The same
size alkyi group in a dialkyl acid pnosphite has correspondingly less
coating or more corrosion tendency in the Voltesso 36 than in the di-2-
ethylhexy) sebacate.

The reduction of sludge fo.attcn in the Paranox 441-alkyl acid
phosphite oernds is appreciable. It has been noted previously that one
of the principle functions of the acid phosphite synergist in an ester
fluit is that of a metal coating agent or deactivator in the cater. For
tois reason, a blend of 1.0 weight per cent Paranox 441 in Voltosso 3t

as bter. tested withoet =ctal catalysts. This test shows signs of
nc coidttrn. inese tests indicate that, while metal deactivation

=ay o, a f'nctiu.. of the alkyl acid phospnites, this is not toesi..
me~lanism of the sfnergistic effect of the Paranox 441-aialkyl acid phos-
phite inhibitor. The very low values of sludge, or dirtiness, in the
Paranox 4!l-dialkyl acid phosphite additives are noteworthy. The data
Son Figure 28 also eaphasise the reduced effect of alkyl group size in
the dialkyl acid phosphites in the mineral oil as compared to the ester.
In a di-2-el-h-l sebacate blend containing 1.0 weight per cent Paranox
441 and 0.5 weight per cent 64 1kyl acid phosphite, a stable life at
3471F. of 65 hours is noted r di-2-ethylhe)yl acid phosphite compared
Swith a stable life in excess v- 290 hours for dmethyl acid phosphite.

The data presented on Table 54 are for the mineral oxl-aikyl
acid phosphite blends to which Antioxidant 2246 instead of Paranox 441
has been added in 1.0 weight •e: cent concentration. The results with
Antioxidant 2246 are similar to those obtained with the same base
materials contairiqg Paran=x wad with two notable exceptions. There is
an increase in the stable life of the fluids containing antioxidant 2246
over those co,..asnirg Paranox 44' as shown in Figure 29. There is alsoL an increase in 

t
.e dirtineas ter~dncles of the blends containing the

* Antioxidant 2246. These date indicate that sludge formation during the
stable life, or induction period, is encountered.

Data are presented on Table 55 to illustrate the changes in
fluid properties encountered in Voltesso 36 blends which are subjected
to oxidation and corrosion tests 4- .cxcez-- of -he stable !Ire. These
blends contain Paranox 441-alkyl acid phosphite inhibitors. in general,
these data as compared with the data on Tabol 53, indicate that all of"the fluid properties as well as the metal coding or corroding trends

* . are increasing more rapidly in the period following the stable life.
The stable life interval is determined by a plot of neutralization number
versus time. The poinr at which the neutralization number shows a sharp
increase in rate of change with time is considered the end of the stable
life or induction period, in general, more evidence of oxidative deter-
ioration and metal corrosion are noted within the stable life, or induc-

* ticn period, with Voltesso 36 and mintral oils of this type than with
dibasie acid esters as discussed in previous reports.

The tests discussed on Tables 52 through 55 have been conducted
with a low viscosity naphthenic -ineral oil (Voltesso 3b). Additiornl
oxidation and corrosion data, using the same inhibitor combinations and
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iI
test conditions, have been determined for two more viscous naphthenic
mi-ieral oils. These naphthenic oils are Esstic 45 and Necton 55. All
of these naphthenic mineral oils have been obtained a, ccmercial pro-
ducts of the Standard Oil Company of New Jersey. Esstic 45 has a l0CCF.
viscosity of !4.6 centistokes coLjared with a val ae of 983.0 centistekes
for N-cton 55. These fluids have been evaluatec in the 72 hour, 347°F.,
oxidatxon and corrosion test of Spec. MIL-,-7806.

The oaas for EassLe 45 blends are shown as, Tablu 56. Si'. ar
data for Neeton 55 are sho'n on Table 57. Samples of Esstic 45 and

eithout an a.n.-oxidant have been run as a basis of comparison.
heprorey hanges of the non-additivc Esstic 45 ;omar, a:ora--y wiaY h

those o' Joltesse 36 "'able 52) and Necton 55 (Table 57) under the same
conditions. There are, however, substantial differences to the response
of these three nanhthenic oils to oxidation inhibitors. The Esstic 45
and Necton- 55 show much less beneficial effect from the addition of
oxidation inhibitors than does Veltesso 36. Some of the same inhibitor
trends noted with Voltesao 36 are still evident with the heavier naphthenic
oils.

The problems of copper rrosion and sludge formation are the
property c.hanges most difficult .: control in the Esstic 45 and Necton 55
oils. In Esstic 45 and L'ecton 55, only the alkyl acid phosphite-Paranox
441 combinations show a trend toward reduction in the formation of sludge.
The remaining inhibitors, and combinations of inhibitors, tested show as

-ch or more sludge than the uninhibited mineral oils. The pnenyl alpha
naphthylomine sh.ows good corrosion control in the Esstic 45 and Necton 55
oils. The alkyl-acid pnosphite-hindered phenol coembinations all show
copper corrosion in Necton 55 and Esstiu 45 while some of the alkyl acid
phosphites with small alkyl groups (methyl and butyl) show a tendency to
coat rather th.,n corrode copper in combination with a hindered phenol in

-- •r Voitesso 3b.

In view of the difference in behavior noted for the -ane addi-
tives in naphthenic mineral oils of different molecular weight ranges,
several stable life tests were a7tempted in one of the more viscous
mineral oils (Esstic 45). The data for neutralization ninber increase
versus time for these tests are shown in Figure 30. These curnes do
not show a characteristic break Jn the rate of change of neutralization
numt-er normally considered 4rdicative of an induction period or stable
life. The curve for the ;.,tioxidant 2246-dimethyl acid phosphite combi-
nation indicates a reduced rate cf neutralization number increase, but
again there is no break in the zuve indicative of induction period.

The Paranox 44l-diaLzyl acid phosphite inhibitor conbination
has been evaluated in a finished SZec. MIL-O-!6J6 fluid in accordance

* with the Spec. HIL-L-7808 oxidatzon and corrosion test. These data are
shown on Table 58. They show that the blend of 1.0 weight per cent
Paranox 441 and 0.5 weight per cent dimethyl acid phlophite in a Spec.
MIL-O-5606 f'rmulation shows ade-quate stability in this cevere oxida-
tion and corrosion test. The blend containing Paranox 441 and dluutyl
acid phosphite shows indications of incipient oxidation.
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-able 54

OkiDATION AND CORMROSIO. CHARACTERISTICS OF A HNAIIT}IIC

MiKRAL OIL FRACTION AT 347*F.

TEST PROGEDURE AND TECtIIQUES IN ACCOROAXCE -i!T% SPEC. MIL-L-67?7.
TEST COXIDiTIOT S IhCLUOE: WEST iEAPERATU;E - 347 ± 3PF.; TEST TIME - 72 ,DUPS;

AIR RATE 0 ! I LITERS PER HOUR; TEST FLUID - 100 IR..; CATALYSt - A
T-::R-: C Z•JkE SAC, •-•E s STEEL, ALUMINUi, JL4 MASS IU.

VTE- FLJ' --• ..... OLTLO AT E 1.7 VT' wIOIlANT 2246...
- AL. C.It PAOSP4TE, CONE W lITITHL 05 DIBUTY1 M.3 6!3 :2-ot

AOPE 0 1. CHOAKTED KI CHOAPTE ACIDRROSODi

APPROX. STABLE LIFE, URL(L) I S0 O0IL 8DE

I AS. LOSS, WT. ' ICl I
__ .l I. . C•J• -N CENITISTOKE %|SCOS:TY

ATCOER 0.29 +2 -. .2AT O-F. -10 -444 +3S i[IA*$* .H. U91ON COLOR

• FIINAL I I *

Sk~EýT* hO* 6&•. K "jJGM.. OIL)

ORIGISAL 0.00 0.) 0.5 0.5
FINAL 7-7 0.9 0.7 0.3

WIT.$ OIL INSOLUBLE LATERIAL ETA I U.6 A I .4
FINAL CATALYST CC-N0171DN

APPEARANCE
COPPER DUJLL COATED COATED CORRODED

ALUAINUDULL BRIGET GULL TETTRT"•* AGNESIlux DULL COATED COATED DULL
WT. loss (Ms./Sj. CH.)

COPPER 0,09 +0.18 -0.61 0.20
STEEL O.OU 0.06 0.00 0.03
ALUM INIUM •.0.0 0.02• 0.04 0.02

17" fl) TFE STABLE LIFE OF A FLUID IS TAXEN AS 7h-, POIT At WHICH THAERE IS A PA•"'C I•CREA-- IN

4- NEUTRALIZATIONl %ýX 11-,•£,yT TEST TIME.
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=i.
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OXIDATION AND COROSION CHARACT"-STICS OF A SPEC. HIL-O-5606 TYPE

HYDRAULIC PLUID AT 3147F.

?R'• ;Uns ANT •NHIT.S IN ACCODOANCE VWIT' SPEC. HIL-L-7306.
TEST COlNDIT!E'S TECLUX: TES!T EIMPERAUTR - 347 t 3F.; TEST TIME -

72 P0JRS; PIP .TE - 10 .1 LITERS FPR hOUR; TEST FLUID - 10 0..;
AID LY...ST ; A I INCH SQUARE EACH OF TRE INDICATED ITA-LS.

TEST fLUID: P.L 4533. A SDEC. M4Lm-O-*6 TiPE ,,..ASa.iC FUIiD HITOGUT
AN ANTI-OXTIRAr.

TEST FLUID < . . - --F. 3•43 --- . -.---.-- - -
AfTI-0 ,oR.T VT•t <OR .. AEA=X 441 ,.- -A l -....... >
ALNHYLAI M..t6VPAIiE, V0.5 NOVE 0. -03-IMETXL ACID 1 0.5 OIACTET. ACID

________________________ i Pm4SSSITE pSSP.IITE
EVERETT. LIOSIR LOSS, WT.% 2

% CHANGE IN VISCOS Ity

AT C0F. .40 *!0 +15

KEUT. NS. (MS. ONG.OIL) I
ORIGINAL 0.0 0.3 0.2
FI• ,.! 6.0 0.4 2.2

VIA% I LSOLELS MTATERIA• (XI O.t 1.7

FINST. CATAL.YST CORSITTO I a

COP.PEER DUP.L COATED COATED
SSTEEL OTLL DULL ATED

A ,T TIII ORI GMT COATE CUTER

MAIN. lOTS (1.15.RERT COATED ROLLI ~VT. LC= W.132. CH.)
iCOPPER 0.12 40.20 +0.n,
ISTEEL 5.04 40.03 -*0SAL1 kmA I i 0.'05, +00, :0,no
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Alkyl acid phosphite-hindered phenol inhibitor combinations
offer enhanced oxidation and corrosion stability at hugh temperatures
in mineral oils as well as in diester compositions. Pfhe.yl alpha
naphth11i•ine is also a good high temperature oxidation innibitor for
mineral oils. The.- are, :n generai, =ore indications of cyxidative
deterioracion and corrosion in the 347*F. oxidation and corrosion tests

p " for the mineral oils during the .o-called induction period, or stable
li'e, than is the case in the diecter fluids evaluated previously by
"this Laboraeory. 'he effect of a given inhibitor to control property
charnes and zorrosion of metals during the indaction period of a 347"F.
oxidation and corrosion test decreases as the molecula_ -.elght, or via-

" grade, of the same type of mineral oti increase,.

r .4. Oxition Stability After Storage. It has been noted
* that synthetic fluids containing acid phosphate or acid phosphite

lubricatior additives show an increase in neutralization number on
storage. This neutralization no=ber increase on storage has been

jT investigated for acid phosphatas and acid phosphites prepared from
primary alcohols and for acid phosphites prepared from secondary alcohols.
A more complete discussion of neutralization number increase and change

F in lubricity on storage has - ien given previously in this report.

A smmary of the observed nettralization n=mber increases is
shown in Table 59. Thec :=ples have men stored in stoppered glass
bottles at room te=perature (70* to 80*F.) and opened only for sampling.
P•d. 3379 is an Acryloid-ester blend containiag phenothiazine as an anti-

T- oxidant.

Table 5

""MRlA1210%N WtMaý CHRA1E AF-_ STCAMK

Orig. Storage Neut. No.
Base Neut. Time, Aftei
Fluid Phzoshorus Orod.. #t.% No. Mos. Storage
PRL 3379 0.5 Dilauryl Acid Orthophosphate 2.0 15 12.0"PI.L 3379 0.5 Dimethyl Acid Phosphite 0.6 i3 19.1
.PL 337b _.5 Diisopropyi Acid Phosphite 0.2 23 2.5
PR. 3379 0.5 Dibutyl Acid Phosphite 0.1 13 12.9
PRL 3379 0.5 Di-2-Ethylhe-Vl Acid Phosphite 0.1 13 6.7
PPPi 3379 0.5 Bis (2-Octyl) Acid Phosphite 0.5 13 2.0

SIt can be noted from Table 59 that the two acid Doosphites pre-

pared frcn secondary alcohols (diisopropyl and bis (2-octyl) acid phccphites)
are much more stable to neutralization n-ber change with storage than the
other materials shown. This may be due to the fact that the esters pre-

.I-. pared from secondary alcohols would be expected to be more stable to hydroly-
sis. Previous data have shown that thi phenomenon of neutralization nu=berP increase on storage may be related to hydrolysis stability.

Some Spec. YIL---7808 type oxidation tests conducted with storage

samples of fluids cmrtaining acid phosphate and acid phospbite lubricity
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additives are discussed in report PRL 5.8-Sep53. In general, fluids con-
taining acid pnosphates, wnich have been stored at roun tenperature for
approximately one year, exhibit increased metal corrosion and sludge for-
mation in the Spec. MIL-L-7808 oxidation test at 347°F. liends contaznang
"acid phosphites also show -rnd toward metal corrosion after storage.
However, the re~ulting me, orrosion is not a- severe as that encounteredI with th• acid phosphate-c tang blends.

Thne blends con -n-ing the two secondary acid phosphites, which
have been 3tored at room temperature for approximately 13 months, have
now been evaluated for oxidative behavior in the Spec. MIL-t-7808 cxilstic::
and corro .,n test (72 hours at 347*F.). The properties of the fluids

/ followi;a, t nese test. nlong with the properties octainec i. -he -c
blend wbe,, it was fresi-a prepared, are shown on Table 60.

Both of these blends show good oxidation stability following the
13 months storage period. There appears to be no trend toward intreased
sludging. In the fluid contain-ng the diisopropyl acid phosphite, the
catalyst coating tendency is still present following storage. In the
case of the fluid containing the bis (2-octyl) acid phosphite, the =cat-
ing tendency is no longer present However, therz is no appreciable
tendency to corrode any of the C.L vsts under the oxidation conditions.

Wear tests carried out in the Shell four-hall E.P. lubricant
* test with the stored blend indicate that there is little coange in the

activity of the acid phosphite as an anti-wear additive following the
Spec. MIt-L-7ý8S oxidation and corrosion test over that of the freshly
prepared blend.

5. Interrelation of Conner-Bervlli-um Ullo• and 03idation and
Corrosion Dteriorion. It has been requested that this Laboratory
investigate the effect of copper-beryllium alloy on the oxidation stab'ility
of hydraulic fluids and lubricants. This request has been made pr-marily
with respect to hydraulic fluid evaluations. The detailed discussion
of these studies is given in the section of this report dealing wi-
hydraulic fluids. The results of these studies are nere sumarized
briefly. Mineral oil- and ester-base fluid and tuoricant comoositione.
have been included in this study. Some of the ester-base compositions
include gear lube formations containing alkyl acid phosphate and phosphite
type additives. Oxid;tion tests were conducted at 347TF. and 500"F.

The data indicate that coper-berjvlliun alloy does have some
effect on the oxidation stability of hydraulic fluids and lubricants
of the types evaluated. This effect appears to be intermediate between
that exerted by metals such as copper and bronze and that shown by metals
such as steel and almrinum. The copper-beryllium alloy does not appear
to be affected adversely by t•e types of hydraulic fluids used in this
study under toe test conditions outlined. That is, in terms of corrosion
by the fluids, copper-beryllium appears to be somewhat better than pure
copper.

6. Oxidation and Corrosion Evabnt--n at -- sPF. The studies

of oxidation at 500F. as a function of oxygen tssimtlated and oxidation
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I
Table 60

OXJDATION AND COEHOS10N P aOPtIMES• Or SM-ý SYNTHETIC GEAR LUflICANT,
AFTER STCRAGE AT RCO' ýEIIPERATMR&'EST E-T"-0tS IRNtOTE: TEST TErPERATURE - 3l,'f.; It•, -. -, "-t';

AIR ASTY . ± I LITERS POR HR04R; FLUID C.-ASS$ - I00 ,IL., CATALYST -
A I "RI" 55U5A EACh OF TO, METATS IN.DICATED.

TEST FLUID PAL 3)3-g - 9.0 WT.j AERYLOID VF-25 .0.5 VT.-, PKELOTHIAZI•E IN
T1-2-.ETITYLHEXYL SESACMTE.

T FLT FLUID 0.5 VT.% DIISSPRSPTL ACID 0.5 VT.% 0I5(2-OCTYL) ACID
PRSSPn;AE I0 PAL 3 | .T P AL 331 9

rTSTOI T MEKO. 2 0 A
IIT0D L•ss, WT. . 3 I 3

[CANGE IN VISCOSITY
AT I•F. .7 .171 1

I+LI

NET. KOGS(A . KO/G1. OIL)
ORlI[;A. 0.2 2.5 0.7 2.0
FINAL 3.7 I 5.4 2-9 5':3

A.S.TH UNI COCT:

S1.4, TIL MOMSMa. MATERIAL I 0.? 0.4 TRACE C.
FIVAL CATALYST COD'ITIDI

APPEARACE
COPPER COATED COATED COATED
STEEL COATE COATE0D COATTO 5 1
ALUMIAUM COATED COATED COATED SLT
ROAlGE$Itm COATED COATED COATED OULL

V (. = (RA./SU. CR.)
c'.o +0.33 0-.47 .0.6s 0.09
STEEL +0.93 +0.15 .0.27 0.01
ALUMINLUM +0.;A .0.11 +0.29 .0.03I KRGOESIK-0 J .02 .0.'9 -1.05 0.02
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rate have been continued along the sane 2ines discussed in report
PRL 5.8-Sep53. The same group of chemical classes studied as hign
temperature hydraulic fluids and aiseussed in the previous section
of this report are also included in this preliminary 3valuation of
500'F. oxidation and corrosion properties. The following classes
of compounds are included in this study.

1. Silicones
2. Silicate esters
,. Dibasic acid esters

M4. Mineral cils
5. Pentaerythritol esters
-. Syntnetic hydrocarbons
I. Polyglycol ether (Ucon)

S. Chlorinated biphenyl (Aroclors)

This series of sami-quantitative tests have been conducted
with each test- flu-td under the same test conditions for different time
intervals. During the test, the oxygen assimilated by the test fluid
is determined by periodic analysi- of the exhaust gas composition.
The corm.mon test conditions includ a test temperature of 500'F.; an
air rate of 5 liters per hour at standard conditions; a 100 ml. sample
of test fluid; and I ie presence of a one inch square each of copper,
steel, and aluminris sheet. The procedures and techniques used, with
t~h exception of time and temperature, are essentially those of Spec.IMlI-t-7808. The results of these tests can be compared either on the
basis of the same times (oxidation rp+-) or the same degree of oxygen ",
assimilated. Previous data obtained wsth these techniques are summar-
ized in Table 61. L. a!. cases, an attempt has been made to snow the
test for the longest estimated useful life and an additional test repre- -;
sentirg extensive fluid deterioration. Additional oxidation and corro- I
sion data of this type are presented in Tables 62 through 76. These

oxidation data continue to indicate that, with very few exceptions,
extensive oxidation occu, s at 50O&F. The materials evaluated exhibit
no appreciable stable life or inductior, period at 50*F.

Aroclor 1245 shows the best oxidation stability of the
materials evaluated thus far at 500*F. Data for this fluid are showy. !
on Table 62. Moderate copper corrosion is toe only substa.tial
evidence of oxidaticn or corrosion even after 120 hours at 500'?.
The copper corrosion occurs even under ahbrt tine tests and does
not increase in rate of corrosion in the 120 hour test as compared
with the 12 hour test. A very small but measurable amount of oxygen
is absorbed at a steady rate throughout the oxidation. This same
material shows excellent thermal stability to temperatures of 750"F.
in the absence of air (wder a nitrogen blanket). Aroclor 1248 has
several properties which are l•.itat.ons under current specification jet
engine oil properties. Aroclor 1248 attacks current low temperature "_
rubbers causing excessive swelling and softening. This material also
has a relatively limited liquid range, exhibiting a pour point of 20?F.
adn a boiling point of about 700'F. It should be noted, howeves, that
Aroclor 1248 shows excellent non-inflss•ability properties. in addition,
this material shows little or no volatile product formation on thermal
stability. Hence, it is believed that the excellent non-infiaccability
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properties of the Aroclor 1248 uo~ld be maintained with use at nigh te.apera-
ture.

Silicone fluids have been evaluated at 5C00F. as shown on Tables
61, 63, 64 and 65. A 510 type silicone obtained from the Dow Corning
Corporation shows very gc-d oxidation and corrosion stability at 50l0F.
This material is believed Lo be a metnylphenyl silicone. This material
s.,'os good oxidation and corrosion stability for 124 hours in the 500"F.
teAt (Table 63). The rate of oxygen assimilated and the resultant rate
of p-roperty changes appear to be about constant over the entire test
period. There is no irndication of dirtiness or sludging tendencies with
m - ;!0 type s5licone even under the most severe 5001F. tests. Methyl-

ph n-,:. a•icor.- of this ganer-al character can be prepared "o raie a videli,,Ad range, ex, llent viscosity-temperature characte.istics, and good

thermal stability. Ai is generally conceded, however, that the major
weak spot in the methylphenyl silicone properties is the limited lubricity

• )i- propertles particularly for steel-o..-steel. The other silicone compositiUvAs
are designed specifically to gain improved lubricity.

Oxidation and corrosion data for Ceneral Electric Silicones
No. 81406 and No. 81451 are houn on Tables 61 and 64. These silicones

I have been modified chemical, to obtain greatly impr-ved steel-on-steel
lubrIcit) in laboratory lubricity testers such as the Shell four-ball
wear and E.P. lubricant testers. These two improved lubricity silicones
exhibit oxidation properties intermediate between the methylphenyl sili-

-I cones and the Spec. MlL-L-7808 type ester base stocks. In general, the
rate of oxygen assimilation is about the same for the methylphenyl
silicones and the two improved rbricity sicones. However, the resultant
property changes, primarily viscosity increase, are much more severe for
the improved lubricity silicones. Moderate copper corrosion has been
noted in all 500F. evaluations with the two silicones .tth __proved

-.- 'ubricity. It would appear that the modification of the silicone to
improve lubricity results in a reduction in oxidation and corrosion

S- stability. In terms of tests of equal time, these improved lubricity
, I' silicones still show an improved oxidation stability at 500*F. by a

factor of 2 to 3 over a typical Spec. MIL-L-7?08 ester base stock.
However, on the basis of property changes for a given amount of oxygen
asz;'arstcd, these silicones appear to be among the poorest lubricants
evaluated in the 5001F. test. GeClation occurs with relatively small
quantities of oxygen assimilated for these improved lubricity silicones.

Lubricant SD-17 is a silicone 510-di-2-ethylhexyl sebacate

blend developed by the NACA to overcome the lubricity deficiencies of

the silicones by the addition of a solvent. The composition of SD-17
comprises a 2:1 (by volume) mixture of Dow Coming 510 silicone of 100
centastoKes viscosity grade and di-2-ethylhexyl sebacate. This mixture
is inhibited against oxidation with 0.5 weight per cent phenothiazine.Ii- Oxidation and corrosion tests with SD-17 composition are shown on Table 65.

- These data indicate severe oxidative deterioration for SD-17 under
relatively short 5C0*F. tests This composition exhibits excessive sludge
or dirtiness under the mildest test conditions. The oxidized fluid also
appears to separate upon standing to form two liquid phases. it is
interesting to note by comparing the data on Tables 61, 63 and 65 that the
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oxidative deterioration of SD-17 composition is far more seo are for a
given time or a given amount of oxygen assimilated than fo. either of
its two components. On the basis of lubricity tests in the four-ball
testers and a high temperature Vickers vane pump, the lubricity of SD-1?
a- r to be much poorer than that of d--2-ethylhexy) sebacate itself.

Oxidation and corrosion tests at 5001F. have been conducted

"with se 'eral silicate ester-base formulations. Fluids O.S. 45 and
MIO 8200 are comsercial silicate ester-base formulations. MLO 5277 is
als. a ca4plete fluid fonmulation whila tetra-2-sthylhaxylsziltzate
'PRL 3455, is an uninhibited silicate ester. These oxidation data arero ibLie 61, 66 and 67. The silicates, in general, tend to form

excesstva resv-nts ox volatilc oxidat-un products.

Isopentane is a conventional sludge precipitant for mineral
oils. It is also a satisfactory precipitant for esters and polyglycol
ethers but is not a satisfactory sludge precipitant for silicates and
silicones. That is, the oxidsed silicates and silicones show the con-
ventional high viscosity increase on oxidation but essentially no
isopentane insolubles. This does not .rte-ssarily mean that the oxidized
fluids do not contain small quant-ties of relatively highly oxidized
materials. The neutralization n" -ers after oxidation are low with
silicates and silicones indicating d lack of non-volatile acidic oxidation
products. The acidity of the volatile fragments of oxidation are not
u.asured in this test procedure.

The tetra-2-etnylnexyl silicate, O.S. 45, and W-0 5277 show an
oxidation stability of the same orde- of magnitude as that of the typical
dibasic acid ester base stocks used it. Spec. MU•-, 708 f-uis. MID 8200
silicate fluid shows a substantial improvement in oxidation stability over
the other silicate fluids evaluated. at is believed that this improvement
is achieved primarily by the use of additives to reduce the oxidation rate
rather than the use oi a more inherently stable silicate ester base stoec.
The loss in viscosity with mild oxidation noted for MLO 5277 and MHI 8200
as compared to the subr.,antial viscosity ir:rease noted with the other
two silicates evaluated under the same tesa conditions is probab.y due to
the additive used to L;prove the viscosity-temperature properties employed
in the former fluids. Some of the silicate ester fluids studiel show
moderate steel orrosion and slight copper corrosion under severe 500F.
oxidation tests. These same trends are evident with dibasic acid esters
of the Spec. MIL--780S type.

Tridecyl pelargonate, which is a monobasic acid, has been
evaluated in the 500"F. oxidation and corrosion test and compared with a
typical dibasic acid ester of the Spec. MIL-r17808 type. These comparative
data are shown, on Tables 61 and 68. The behavior of tridecyl pelargonate
and di-2-ethylhexyl sebacate are quite similar under the same 500"F. oxida-
tion and corrosion test conditions. It is interesting to note that both
esters show the same trend toward slight copper corrosion and moderate
steel corrosion with increasing test severity. The relationship between
viscosity increase and sludge formation for the tridecyl pe-largornate
resemtles that of the dibasic acid esters. That is, these esters show a
relatively lao rate of sludge formation accompanicd by a buildup of larger
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Oxidized molecules which are isopentane insoluble and appear to cause helargo viscosity increase in the oxidized fluid.

T Results of 500*F. oxidation tests with a Ucon (LB-135) poly-J," glycol-ether type lubricant are summarized on Table 61. These data indi-
cate that the Ucon, like the silicates, tends to form excessive amounts of
volatile oxidation products. The rate of oxidation and the oxygen toler-aauce for this Ucon lubricant appears to be about the same order of magni-tute as di-2-ethylhexyl cebacate. It is also interesting to note that the

.-Uco.'a lubricant, like the dib-.sic acid est.r, shows some steel corroaion
with severe oxidation. Reetnt 5006F. tcst with a Ucon LB-170X show the
same trends as the Ucon LB-135.

fS evera synthetic hydrocarbons prepared by inl.ymerizing olefinsbha-.e been includt- * In this study. These materials are polybutenos receive.4
from the Standard Oil Company of Indiana. Hydrocarbons as a class are of
interest in this high temperature lubricant study because of the promisingresults obtained in high temperature oxidation tests with a well refinedmineral oil fraction (Necton 45) as shown on Table 61. These mineral oil
data indicate that as the temperature of the test increases the margin ofdifference tetween the mineral oils and synthetics diminishes. The olefin

-I polymers have been chosen t represent essentially an isoparaffinic struc-ture. Two viscosity level& U110 and 15 centistokes at 100•F.) are repro-
sented by the three polybutenes. PRL 3440 and PRL 3473 are polybutenes
containing some unsaturation, presumably one olefinic linkage per molecule.

17 PRL 3474 has been saturated to the isoparaffin by hydrogenation.

The 5006F. oxidation and corrosion data for these three poly-
butenes are shown on Tables 60 70 and 71. The a-ate of oxygen assimila-tion for these materials Is about the same as that of the esters and
mineral oil fraction (Necton 45). No corrosion is noted even under severu
oxidation for these materials. The amount of oxygen assimilated, and
the time of ultimate failure of the three polybutenes are the same forthe saturated and unsaturated samples. However, there appears to be a
significant difference in the behavior of the unsaturated and saturated
samples in terms of the related phenomena of sludge formation and vis-
cosity increase. The unsaturated samples show a VezY low rate of sludge
formation and isopentane insolable formation. The viscosity increase
rioted is moderately high and is not reduced by the removal of the iso-
pentane insolubles. The saturated polybutene (PRL 3474) shows a lowf value for viscosity increase but a relatively high rate of sludge and
isopentane insoluble product formation. These data indicate that the
oxidative attack on the unsaturated molecules is more general (widely
distributed) than in the case of the saturated polybutene. That iL a
high risrosity increase accompanied by little or no sludge or isopentaneinsolubl, material irAicates that essentially all of the molecules show
some attack by oxygen. In the case of the saturated polybutene, it would
appear that a molecule once attacked by oxygen is more susceptible to
further attacks than xhe start:ng material, reiultin% in a amall smount,
of sludge compared to the general viscosity increase. At the high tempera-
tures of this oxidation test, the unsaturated polybutenes would appear to
be more decirable than the saturated polybuteno. It i5 believed that vis-cosity Increase of the fluid is more desirable with oxidation than is sludg,
formation.
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S'everal. specific hydroca-rbon types have been evaluated at 500*F.
in the oxidation teat. These data are presenced on Tables 72, 73, 74; 75
and 76. These data may be compared with the data for Necton 45 (a well- -

refined naphtnei-.c mineral oil, shown on Table 61. Paraffin, naphthens,
and- aromatic hydrocarbons are represented in tnis ;nudy. These data

confirm the fact that hydrocarbons exhibit good corrosion characteristics
at 5XC-0F. even under serere .oxieation. in gen~eral, the ctane and tri-
anj'lcye-ohexane snow a higher r~te of oxygen absorbed thar. the aromatic
materill.- evaluated. Sovaloid is a comnsercial aromatic mineral oil con-
centrate c.otained trom the Socony-Vacutm 0Oil Company. The material. was
zle-r~bed .)y Socoky-Vacutsm as follo..s:

A syntne...u jzoducý made by a chemical rearr-angement of
petroleum n.-%.rocarbo.ns. It is composed entirely of poly-
cyclic aromatic hydrccaroons, in which tnrbe- and four-
ring compounds Dredominatoe.

it is interesting to note that, of the three aromatic- compounds
.alae.the Sovaloid shows a substantiall~y higher rate of isopentane

insolubles and sludige formati'- t'sn the other two. These datoi indicato
that dirtin-ezz --r sludge formati-, is characteristic of the more compli-
cated polynuclear ztromtics.

The compourds chosen to evaleate hydrocarton trees are in most
cases not applicable directly to jet engine oil. use. They have been
evaluated to establish trends irn oxiddation for comparison with typical
low Dour point naphthentc mineral oils (e.g. Necton Z,5) and low pour
poirt synthetic hydrocarbons (polybu.-nc). (-- su.bstantial improvement-
in high temperature oxzi.'tion tstability would be expected from the further

pollytutene products may represent an improvement, in dirtiness character-

istics over Nectcrn 45 in the 500*F. oxie-tion and corrosion tests. The
polybutene fractions arm- not as thermally staole as the Necton 45 or

naphthomia inera oils in general.-- --. niaettesniay

all- %f Uhe fluids evaluated unrdergo e.4ensive oxidation at. 5CO*71 The
fluids (At-color 1248 and a .sethylphenyl silicone) showingth best high
temperature oxi dation properties exhibit the meat serizus deviations fz-om
tht other desired properties of a jet engine oil. Thus, it would appear
that. 'he use of either of these lubricarcts with good -1sicti4-mn rt a ui--ty
would requtire substantial mechanical changes or lubricanit system component
changes.

A oumparisor. of the oxidat~ion stability of the remaining fluids
witn the therm-al stability data shown. on Tables 4 and 5 of this report as
well as data presented in pravicus reports shows clearI3y the large advant.-
ages to be gained in fluid stability and useful life by ti,e elimination or
severe limitation of oxygen in the fluid system. Thus, it appears that
any mechanical steps that can be taken to seal completely or at leas. seal

r' partially the lubricant. system from the surrounding atmosphere will result
in inproved lubri cant behavior or permit an increased maximum operating
t~tm-perature.
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V
Oxidation at 500°F. for the lubricants evaluated appears to

be a strong function of the amount of oxygen in contact and the degree
of contact between th- oxygen and fluid. Foaming or spraying the fluid

a into an oxygen containing atmosphere increases air-onl contact and oxida-
tion rate. Thus, in mechanical systems that are not completely sealed,
recuctions in oxidative deterioration would be expected from any improve-
men, s in foaming and/or elimination of spray type lubrication.

N I• if rxygen, and hence the rate of oxidation, in the lubrican.

sys•-- i can not 1- adequately controll1ed, advantage might be taken of
bhc ;:ct that =-.:± of the lubricants tested can aas='oate a r~a-zr-zble
am---t of oxygen fore becoming exceasively dirty. This suggests a

lUited pass lucric-na system tere the quantity of lubricant being
circulated is not returned to the main oil tank and can be discarded after
a reasonable number of passes tiwug.h the bearing and replaced with unused
lubricant. In other words, the oil in the main oil storage tank does rnt
circulate. Oil systems of this Type are conventionally used on aircraft
piston engines. Piston ergines, in general, differ from jet engines on
the basis of oil consumption The high ofl consisption of the piston
engine automatically takes c-. of discarding the used oil. It may be
desirable .o build in high oil consumption in a jet engine. The high

I I o:,il consumption or discarded lubricant, at least in the case of mqineral
oils, esters, and polyethers could be fed back into the fuel stream and
burned. The additional lubricant required in such a system would not

" represent a severe weight penaLty.

- HA panel cok"ig apparatus has been order-A in accordance with
the suggestion of the Mater-als Laboratory of the Wright Air Development
Center. This apparatut. 411 be used to supplement the oxidation and
thermal stability tests described in this report. This apparatus hasH now been rereived and is being set up for operation.

D. TENAL STABILITT. Preliminary thermal stability data for
* thUse various chemical classes considered for Iydraulic fluids and jet

lubcants are =-.arized in the preceding section on hydr-,lic fluids.
*bThese data indicate clearly the advantages of prarely thermal stability

- ra compared to oxidation stability.

Jet engine lubricants are formulated to give a higher degre-
of lubricity than hydraulic fluids. Phosphorus-containing anti-wear
and S.F. additives have been extensively investigated as !,bricity

- additives in jet engine Iuoricants. It has been noted that fi-ids
containing tricresyl phosphate, or acid phosphites, as anti-wear addi-
tives tend to be less stable thermally than the base fluid to which these
materials have been added. Studies are being conducted to deter-ine the
extent to which the presence of these phosphor-us-containlng additives
affect the thermal stability of finished fluids and lubricants.

* I Maploratory tests have been conducted with blend? of tricresyl phosphate
or dibutyl acid phosphite in di-2-ethylhsxyl sebacate. These tests are
conducted in a glass thermal stability apparatus at 5001F. for a period
of 20 hours. A diagram of the apparatus is shown in report PRL 5.8-Sep53.
The test is carried out under a nitrogen atmosphere. -he tube is sealed
with a U-tube containing approximately tnree milliliters of the test fluid.
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The test results obtained with these fluids are shown in Table 77.

Test fluid PEL 3103 is di-2-ethylheil seoscate and PRL 32D7 is a blend
of 0., weight per cent phenthiazine in di-2-ethylaexl sebacate.

Table 77

I-- E4 STABiLITI TESTS AT 500-F.
Y£$[$ CONDUCTED FOR 20 HOURS !'I .! JLS EM.!F'M•T UNDER A M!UKAEN AMWE.E.I"PE

WP52Mis CCUTIG. IN VISC. No. CATALYST UT. LOS, MS./SZ. C.
F 00 C WT.$DC AT 0HO~I 100-F O50PMEh 15000 EI AL KI!OE AS'I.1

"P.R_ 0. 1 .. 9EI -3 2.7 A.CI 0.P49 I.00 0.80 0.- 2
x•i -0 2.7

PRL 3207 1.0 TRICAFMY PHOSPHATE 0 3.2

-te 120l? .|D:B-UTIL ACID PHOSPHITE 0 4.
0:5, DI BTY'. ACID PROSP41ITE -2 8

1.0 DISNTYL ACID PHOIl..1E -21 43-9
1.0 D511TYL ACID PMSP11lTE .4 ".1 -0.07 -0.;; -c.O-0

The presence of 1.0 or 5.J weight per cent tricresyl pbospbate
does no-. appear to affr.c the thermal stabiL4'ty of di-2-ethyihleiyl tiebacateS-ur-er these test conditions, namely 500*F. for ;0 hours.

Increasws-g the conce ration of dibutyl acid rhosphite fro 0.1
to 1.0 weight per cent decreases the thermal stability of the resulting
fluid. it has been deteinsned t'ht the d4bu-yl acid ph-•oh•_.ite itself is
not stable at 500*F. however, in the case of the blend contairing 1.0

i •weight per ee.. dibutyl acid pnosphite, the maxamum neutralization number
-hch car.n be attributed to the decomposition of the phosphite to phos-
phorous acid would be about 8.8 milligrams potassium hydroxide per gram
of fluid. These data indicate that the presence of the acid phosphite
affects the thermal stability ef the base stock adversely.

The effect of tricresyl phosphate on the thermal stability of
a Spec. MIL-L-7808 type fluid (PRL 3161) has been investigated at 6001F.
in the stainless steel pressure cylinder. The apparatus in btich these
tests are conducted is described in report PRL 5.8-Sep53. The test
fluids used are (I) PIRL 3161, Co.-ercial Batch 530 (contains 5.0 weignt

iL. per cent tricresyl phosphate) and (2) PlL 3076, a PSt 3161 type fluid
prepared from stocks at this Laboratory and containing no triaresyl phos-
phate. These tests are conducted at 600"F. for six hours or until the
system pressure approaches 250 p.s.i., whichever is sooner. That is,
the test is terminated ovren the pressure approaches 250 p.s.i. for
safety reasons. A Summary of the results obtained for these two fluids
is shown -n Taole 78.

W.



Table 78

THE•RAL STABILITY TESTS AT 600°F.

Tests conducted at 60C°F. in the stainless steel pressure cylinaer

Test Max. System Re3idual Press.,
Test Time, Neut. No. Pressure, at Room Temp.,
Fluid Hrs. Increase p.. .. s.i.

PRL 3076 6 46 110 6

PRL 316) 3.25 147 238
2.75 i19 215 I

The test with PPrL 3076 aas conducted for the conventional six
hour period with a maximum pressure of 110 p.s.i. The tests with PWL 3161
approacrced 250 p.s.i. after approximately 3 ho..ra test time. The neutrali-
zation number increase is considt ably greater Ior PRL 3161 after three
hu--rs tha-n that shown by PRL 307' -fter six hours.

These data indicate that, at 60D0F., the presence or 5.0 welght
per cent tricregyl phosphate has an adverse effect on the thermal stability
of this synthetic gear lubricant.

E. ESTERS EVALUATED AS BASE SIOCKS FOR FLIb-OS AND LUBRICANTS.
A group of four pelargonate esters ,..rng with one azelate ester have been
obtained frcm Emery Industries, Inc. These pelargonate esters are the
first co•eercial ronobasic esters in vie desired viscosity range to be
evaluated in this manner. The behavior of these esters relative to their
oxidation stabii~ty and wear charact :ristics is discussed in report
PiL 5.8-S-p53. in general, the dibasic acid ester (di-tridecyl azelate)
behaves in a manner similar to the other good quality dibasic acid esters

-- y i.•is Laboratory. The four monobasic acid esters (P-ehylhezyl
peiargcaatý, isoocty! pelargonate, tridecyl pelargonate, and iso-decyl
pelargonate), however, show reduced stability toward oxidation ard are
not as otieceptible to tricresyl phosphate as an anti-wear additive as
are the dibasic acid esters evaluated preViously.

These esters have been furtner evaluated in terms of their
viscosity properties, viscosity-temperature behavior, and their blending
efficiency with Acrylold HF-25 polymer. The di-tridecyl azelate has a
viscosity of 37.4 centistokes at lCO*F. This material has a molecular
weight of 552 compared with a value of 426 for di-2-ethylhexyl sebacate.
The tridecyl azelate might, therefore, be considered for use as a base
stock or base stock component where low volatility is desirable in
synthetic lubricants.

Each of the pulargonat. esters has been blended with Acryloid
iF-25 to obtain approximately the same final 'iscosities. The viscoity
properties and the viscosity-temperature characteristics have beer, deter-
mined for each of the blends. Blending curves have then been cC-istructed

IALC IR 55-30 Pt3 -170-



showing the I0c*F. viscosity level as a function of the viscosity-tenpe-a-
ture characteristics for the different Acryloid concentrations. A plot
of this data is shous, on Figure 31.

A summary of the properties of the various pelargonate esters
a-A an Acryloid blend of eacn ester is shown in Table 79. Two dibasic
acid esters in the sarm viscosity range are inoluaed for =parison.I Table 79

PROP&RTI&' OF SEVEIAL BSTWS AND ESTWia RMDS

Ester Properties

OrTE• A.S.T.M. FLASH
V ISCOSI'TY ItLM PO|'%T,

PRL WO. ESTER AT l0ee". (210- 10 O•A.p IF.

PRL • IMMITLI PELARSONATE 3-7s 0. - 310
PRL. 1-3-KtT HYLUJITYL AZtPAME 4..87 e. .. 34
PkL 3•4ý' ,$SCYL KLMROKATE 4.95 C..-9 34

PRL 3"44 TAIDECYL PELMSO•&E 7.*7 37-

ea.nd ro .erties

EVER 3 34443 M6 3443 2435 3440
A: ., IO 9.0 5.1 7.0
AIn•2-,YLKXYL SESiCATE, %12 ' 10 §.0 5.) 7.0

CEIPT;IseE VSmCO31TV AT2O-•F. 6.ot 5.71 6.90 5.32 4.51 5.-5
10F 105 6. 10e 0.84 15 4 94

- ;.:,~,a. 2.Pt 12I*10 'AS' ~ 0 0.4 0.484 .5.455 0.93 .56 .63

11) ACRLO0D SOL.ENi .

In general, the blending efficiency of the pelargonates appears
to be similar to that shown by the dibasic acid esters in the same visco'-
ity range. That is, in base stocks of the sate viscosity level, approxi-
mately the saan amount of polymer is needed to give final blend viscosities
of the same magnitude. The volatility properties of the base stocks, as
indicated by flash point, have about the same values for the pelargonates
as those of the dibasic acid esters of similar molecular weight.

More complete properties of the esters obtained from &=ery
Industries, Inc. are shown on Table 80. Good lou temperature properties
are shown by the various esters as evidenced by cloud and pour point
determinations as well as by their' storage stability for 168 hours (one
week) at -.65. Included on Table 80 are wear values determined for
these es

t
ers on the Shell four-ball wear tester bath alone and with

1.0 weight per cent tricresyl phosphate as an anti-wear additive. This
concentration of tricresyl phosphate gives .maxirma wear improlmeent with
the dibasic acid ester (PMu 3441). However, this concentration of the

WADC TR 55-30 Pt 3 - 171 -
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Increased concentrations of tr-cresy) phosphate, cn the order of 5.0
Santi-wear additt'.e has escentinily no effect on the pelargonate esters.

"",•-gt per cent, will produce maximum wear inprovement with the pelargon-ate esters.i
F. PR••AW ON 0? JET E!?GINE OIL CCMPOSlTIONS FOR IN TER-

LABGRA•TqY TESTS. The overall data on synchetic gear lubricants of the
Spcc. MI-1-L-784)8 ' ,pe for-mulated by this Laboratory to contain alkyl acid
phosphite lubricity additives are being reviewed. These data have been

n •n previous reports covering about a two year period. Several
of the m'.> pr ccmpos3tions have been formulated and sent to
Southwezt Research it.-itute and the Wright Air Development, Center :or
further testing. The additional testing of these samples will include
th- Ryder gear tester and the panel coking test. These t3sts are not I
currently available at this Laboratory. The panel coking apparatus
1z currently being installed and will be ready for use at this Labora-
tory in the near futre.

Four samples of synthetic lubricants have been sent '.) Southwest ,t
Feseareh Institute and one to th. Wright Air Development Center. The
samples supplied to Southwest Reserch Institute have been sent in coopera- ration with the Materials Laboratory and the Power Planit Laboratory of the

Wright Air Development Center. The compositions of these 5 fluids are
shown on Table 81. PRL 3161 and PPI 3313 have been sent as reference
fluids for these proposed tests. Both of these fluid compositions have
received widespread testing in both laboratory testers and actual air-
craft engines. T.,e remaining three "luids GTO 16, GTO 17 and MLO 7010
are fluids formulated on the basis of studies with alkyl acid phosphite

Slubre-ity additives. All threc of tv-se fluids have been formulated to

meet the property requirements of Spec. HIL-L-7808. Particular emphasis
h=be pl.aced on the conformance of the -65*?. viscosity value of thosee

fluids to Spec. MIlL--808.

"Wear characteristics of these fluids are shown on Table 82.
These data are for the Shell four-badl wear and E.P. lubricant testers.
These test fluids include as a lubricit7 additive a gcod primary alkyl
acid phosphite (GTO 16), a good primary alkyl acid p aoschite plus
tricresyl phosphite (C-TO 17), and a good secondarp ally! acid phosphite
(MMO 7010). This latter composition exhibits the best storage stabilityy
of the Spec. .fl-1-7808 type fluids containing an acid phosphate or
acid phosphite lubricity ;dditive. The wear characteristics given or i
Table 82 are actual data determined on these specific blends in July
1954. These were freshly prepared blends in all cases. The alkyl
acid phosphate (Ortnoleum 162) and alkyl acid phosphites used in these
blends have been stored -eat by this Laboratory for a period of one
to thre years. As indicated in a previous section of this report, this
storage of the additive results in an increase in lubricity for the blends nds
containing the additive without un apparent increase in neutralization
number (scc Table 32). The important point is that charges in effective-
ness as a lubricity additive witn storgv tUc appzar t2 cac -her
or not the alkyl acid nhosphite is stored by itsvlf or blended as a
lubricity additive in the finished formulation. It should be noted
that the blend of PRL 3161 was prepared by this Laboratory frcom mater'a&s Is
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which show excellent storage stabi- ty and nc differences in lubricity 7

after several years storage. Cocmercial fluids of this Spec. MlL-1-7808 o

type do r.nt necessarily show this good storage stability. Storage

IN stability of Spec. ?ii-L-7608 type fluids has ceen discussed previously

in this report.

Oxidation and corrosion characteristics of fluids of these

ty-es have been adequately discussed in reports PRL 5.4-Sep52 andPRL 5.8-Sep53. Oxidation and corrosion characteristics of MW 7010 l

and z new and stored sample of ester gear lubricant conrtainir•g 0.5

wesZri per cc-+ diisopropyl phosphite are essentially the same, asSn.- ated in 722la 83. The daisopropyl acid pnosphiue tends L: ýc.t,

ratner than corrte, tne metal catalysts. It can ce noted that in one e

I case silver is corroded somewhat and in a second case it i3 coated by 3
%flb 7010. In the case where silver was corroded, the specimen was

touching all five of the other metals present. In the case where
silver was coated, silver and lead were the only specimens present.

Lead is corroded in this test, but it should be noted that the lead

corrosion is less under the same conditions with MID 7010 than with

PRL 3161. PEL 3161 snows a quate lead corrosion resistance to meet

Spec. MIL-L-7808. Under sir.. ar test conditions, compositions similar

"I t to GTO 16 and GT1 17 show less corrosion and comewhat more coatingSi [-'tendencies than YID 7010.

-Ti.- .iA..ge ... Airi4ess- in this oxidation test is lower for"FD71 "" o-'RL16 or the other blends on Table 83 containing

Si [•. diisopropyi acid phosphi+ýe. T' should be emphasized that MLO 7010--

contains 1.0 weight per cent Paranox 441 while the other compositions 3--
co-- •.5 e4- cen. .. t phenothiazine. Blerds equivalent to

0T0 16 .. d GTO 17 show-a very low dirtiness level similar to MW) 7010.

I' These data indicate in laboratory tests that 010 16, 070 17j,

,na 141O 7010 are cuperior to PRL 3161 and PRL 3313 in lubricity, trace e

dirtiness characte-istics, and active metal corrosion.

G. CONCLUSIONS. It appears that high temperature stability

and lubricity are the most important properties in an improved jet engine ine

oil. In conjunction with these required hign temperature properties,Scurrent low temperature standards should be rintnined or improved if

possible.

The acid hydrogen in the alkyl acid phosphites appears to be be

responsib]i to a large extent for the excellent iubricity properties

•!mparted a !mall concentrations of these additives. The affinity of

the acid hydrogen for metal surfaces appears to be responsible for the

prefere-tial presence of the additive in the wearing area. Several

organic acids containing either chlorine or sulfur show some anti-wear ar

end anti-seize properties. These materials are not as effcctive as

the alkyl acid phosphites.

Essentially all of the ester and mineral oil blends contain-

ing alkyl acid phosphates and phosphites show an increase in neutrali- i-

zation number on storage in stoppered glass bottles at room temperature ure

MADC IE 55-30OPt3 -175 -
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Table 83

OXIDA'ION AND CORROSION CHARACTER•ISTICS CF SEVI*AL GEAR -IUJRILAY-TS

-EST OU..-tu-. tNO OECVl%$S I1I ACC"SDAIhCE VITH SPEC. IIL-L-"TU0.
TEST COSTITI. *;c 2,E; t. TEHPOATES -

3
J' +'.; TEST Tin - 72 FOUDS; AIR RATE - I ± I

L,.:'; PER O.T; TEST FLUID . I0[DO . AA CATALYST - At lo S:INC3 .
EU $" MOETELS IISICATED.

tEST FLUID "OPPOSITIOtS± SEE TABLE $I.

FLUID DESIGNATIONI iC P01 31611 - - - > <- - - "lLo 7010 - > I PRL 3515 JPRu. ý5g,(I)

OVERALL LIQUID LOSS, VT.% 1Tf ~ ~ T 3 I 2 3

AT '3O'P. .51 +6 .5 ! 5
AT SOP. -7, . 8 -7 +7 - 11"'"O"'° ''" -' I I

9L0.1!0. (EKT. ESHIGJ. OIL) I II)-
OOIS',UI T 2 I. 0.2 0.2 0.S 2.;,-)
FI3.0 i ..5 o.2 3.o 3.3 3.7 5.4

O..011 ALIA 2A 2 2 I

NTI 0. > 15 0.3 I8 0.11T.% INSOLUBLE MAIERIAL 0.2 0.3 0.4 0.1 2.I n.9 0.4

I FI1,00. 0150ALYST CONDITION I II

WE iOSELL 52_ t C0OAEOEO COATED COOTED
STEEl. DULL DaI. DULL C -COATED O'
,ALUMINUM j DULL DULL DULL COATED COSTED COATED

'IASESIOII DULL DULL SELL COATED - COATED CUOMER
AS-PT.TD. STEEL DELL 

1
C I2E CORRODED COSTED;

, - CcoRo ED COODED COSED

WT. LOSS (1G.TS. CH.) I.
CMER -~~~~.05.0 0 2 1 .7 .. 9 0I 04

STEEL 4 0.05 .00 00 07~ - 0.93 .0.15
LUMIN 0. 0...0 0"11 I - 40.14 -0.11MAGNSIU o0.o .0o0, 01 +0o0*

AS-PLTD. STEEL - 0.02 - 0.7 .. 14

LEAD * '0.2 3-47 6.25

(i) TEST FLUID FOR THIS TEST VA1$ STORED AT R0004 TEIIRATEETOR P03 ;IOUTHS IN A STOPPERED GLASS"-OTTLE.

WAD TR 55-30 Pt 3 - 1.78-



(70- to 80oF.). This phenomenon appears to be related to the hydrolysis
.tabfllty uf the additives. Some corrercial Spec. Mr2--7808 type fluids
containing tricresyl phosphate show a neutralization nuber increase on

I storage. All of o'e fluids containi•g aikyl acid posphit• s an.d the
commercial Spec. MIL-L-7808 fluids showing a neutralization n'-,.ber
increase on storage show improved lubricity after storage. Several
-&'Lkyl acid phosphite additives stored neat appear to give improved
ltbricity properties wl-n blended in ester-base fluids. These fresh
blends shoa improved liubricity but a. increaza neutr--.iz"ation
numner. The changes in the alkyl acid phospiIte which cause increased

I' i "cty with storage appear to be changes in the additive as opposed
14e !" |[ t, V Larjes in i completed blenu induced by uhc aid2-tte.

* [ Preliminary studies indicate that M-10 tool steel and heat
U stabilized 52-i0C steel bail-beatiras can successfully be used as speci-

mens for the Shell four-ball wear tester. The effect of fluids contain-
ing tricresyl phosphate is the same for 52-l00 S.P. type and 52-100 beat

- Istabilized steel ball bearings. The effect of tricrcsyl phosphate lubri-
city additive on M-10 steel ball bearings t- the same at low loads but

- more effective at high los ngs than with the 52-100 E.P. type steel tal'
I.. bearings.

-•Suitable specimens for the Shell four-ball wear tester have been
prepared from titanium =4 titanium alloys. No effective lubricants have
been found for titanium-on-titanium bearing t--ystems. Conventional S.P.
lubricity additives generally improve steel-on-titanium lubrication.

-The mechanism of improved atel-on-titanium lubrication appears to
include a chemical erosion action on the steel member which keeps to a
minim- titariu-m pickup by the steel. Steel-on-titanium alloy systems
appear to be somewhat harder to lubricate than steel-on-pu-e titanic

Ii systems.
I --

The overall effect of increasing the phenothiazine cnncentratitn
to at least 2.0 weight per cent is to improve the stable life or inductionU period. At temperatures of 5001F., where the induction period or stable
life is too "jr.t to measure as a significant number, increased pheno-

-- thiazine concentration. is effective in reducing the rate of oxidation.
I The effect of the phenothiazine shows good persistence for periods of

"30 to 60 hours at 500'F. All accelerated oxidation and corrosion con-
ditions give indication of "trace dirtiness" within the stable life
of the fluid. There are indications that this "trace dirtiness"

- - increases with increasing phenothiazine.

in all cases evaluated in the region of incipient oxidation,
uninhibited di-2-ethylhexyl sebacate appears to be cleaner on oxidation
than a phenothiazire-inhibitod di-2-sthylhexyl sebacate. Anaiysis of
the oxidation products indicates that the presence of phenothiazi-ne
concentrates the effects of incipient oxidation on a relatively few
fluid molecules causing sludge, while in the uninhibited ester, the
same amount of oxygen is cread out over a much larger portion of the

I" molecules resulting 4n same viscosity increase but less sludge. These
data would indicate, in general, that it is desirable to obtain as =uch
inherent stability as possible py ester and bulkl fluid refining :o that

WAD TR 55-30 Pt 3 - 179 -



tne concentration of phlncthiazine may be held to a minimum.

All of the phosphores-containirg ester flucds evaluated at
5O00F. in an acceleratud oxidation test show .ncreased sludging Lendsn-
ci~s. The use of Paranox a.! instead of phenothiacine does not alter
substantially these sludge forming tendencies. There is no appreciable
differe.ice in sludge forming tendenzies between com-ositions of the
PRL 3161 type prepared to the same lubricity level in the one case with
5.0 weight per cent tricresyl phsphatte a.-d in the second case with 0.i
weight per cent of an alkyl acid phosphite.

-ikjl acid -'ýosphite-hirnered pherol irhibitcr i
offer e-..anced oxidaa .i and corrcsion stability at high te=perate•-s in
sineral oils as well as in diester ccmpositions. Ph.n-.5- alpha naphthyl-
a=ine is also a good high temperature oxidation inhibitor for mineral
oils. There are, in general, more indications of oxidative deterioration
and corroi-on in the 347*F. oxidation and orrusion tests for the -Inerul
oils during the so-called induction period, or stable life, than is the
case in the diester fluids evaluated previously by this Laboratory. The
effect of a given inhibitor to c, trol property changes tnd corro'ion
of netals during the induction p- od of a 347?F. oxidation .nd corrosion
tesi. decreases as the molecular weight, or viscosity grade, of the same
type of mineral oil increases.

The problem of developing a satisfactory jet engine oil for
operation in the temperature range of 500, to 60DIF. (bulk oil tempera-
ture) requires the same basic prope.-y evaluations as the development
of a high temperature hydraulic fluia. Yore emphasis will be placed
on low temperature, oxidation, and corrosion properties for the jet
engine oil development.

-reli-inary oxidation and corrosion data indicate that an
extended useful life at 500?F. well be extremely difficult to provide
in the presence of large amounts of air or oxygen. Some of the corn-
positions showing maximum oxidation and corrosion stabilityn --nt
as yet been shbo-w to possess adequate lubricity (silicones) or rubber
seal compatibility (Aroclor). Silicates, esters, polyglycol ethers,
synthetioc hyrocarbons, and mineral oil fractions fall in the same
general area of oxidation and corrosion stability at 500*F.

Increased jet lubricant life at high tp-atres may best be
achieved by a combination of fluid improvements coupled with mechanical
charnes to emphasize the strong properties of the improved fluids.

Fluids of adequate thermal stability for jet engLie oils at
500° to 600F. bulk oil temperatures have tLcn •hown in the hydraulic
fluid section of this report. The use of alklq acid phosphites and to

a lesser extent tricresyl p-hosphate tends to increase the rate of thermal
degradation of dibasic acid esters at 50O*F. arn above. The alkyl acid
phosphites and tricresyl phosphate are added to the lubricant to improve
the lubricity level.

A series of monobasic acid esters (pelargonic acid esters) have
oeen evaluated as base stock zaterials fco Jet engine oils. In general,
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tnese ronobasic acid esters compare favorably in prorerties with con-
ventional dibasic acid esters as base stocks for jet angLne oil formu-
lations. The pelargonate esters show poor tricresyl phosphate suscepca-
billty, similar to diesters prepared from glycols and monobasic acids.

- Several Jet e.gine oils with improved lubricity have been

foniula~ed for further testing in high temperature stability and lubri-S;It• by ; t -- t ,r Development Ces-t.r ed the Scuthwest Research
Institute. These fluids contain alkyl acid phosphite additives and are
t-pa s n the babic research on copositions of this type covering the

H. FJTL•S Work on the development of a thermally stable
polymeric additive for inproving the viscosity-temperature character-
istics of fluids and lubricants will be applied to jet engine oils as
well as hydraulic fluios. The -aximun temperatures estimated for engine

oils of 6001F. is lower than the 700°F. maximu estimated for hydraulic
fluids.

Major emphasis in •ture work will be concentrated on oxidation
and corrosion at high temperatuzes. A program %1.2 be urdcrtaken to
study the effect of increased o;Wgen availability and increased intimacy
of air-oil miin- cn the ra' 2 of oxidation. All general trends established,
thus far, indicate that increased intimacy or air-oil mixing and increased
air circulation rate increase oxidation severity at 500,F. An attempt
will be made to extend these studies into the regions which might be

Sencountered in open and partia3. sealed lubricant systems.

It has tee.n ecacly sh:-=. zhat the uality margir-z btween,
fluids decrease rapidly With increasing temperature at 500*F. and above.
Many fluids do appear to have substantial oxygen tolerance at these
elevated temperatures. Further studies will be directed to a study of
various sequences cZ oxidattin tests to deteterine how best to take

T advantage of the ocygen tolerance of various f'-lds. Thoce datz •,uld
be uceful to guide engine designers in lubricating highttr te-_eatura
engines in ease mechanical charges are required in the luericant system.

A panel coking apparatus is beirg installed. This unit wMVI
be used to measure high tempe-rature sabi'lity undar varying condittons.

gHig tecperature hydraulic pxkm tests w.ll be continued. Jet
engine oils will be included in this test program along wit. hydraulc
fluid compositions. The main pointe of emphasi. will be lubricity at
high temnceratures ar4 minimus, pupab.e viscosities in the jet engine oil
stu•dies. L.bricity studies are currently limited for the most cart to
1, c bulk cil tca; eratures.

Further work on the jet engine oils with aLkyl acid phosphite
k lubricity additives .illl be deperdent to a large exteent upon the outcome

of cu,-rnt evaiuatiors being conducted by the Wright Air Development
Center ad the Southt.est Research Lnstitute.
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I1!. JET FUJ-L EIRTlr=-

A. G:EOAl. It has been indicated that the lIr Forca Is
encountering some difficulty with jet fuel dirtiness in current opera-
tions. These problems are noted primarily as deposits in portions of
the futl! system in which the fuel is heated usually on its way to the
burner. Th.-is inncluxes the portion of tne sZvstem between the fuel-oil
heat exe.i,Ž--er and the fuel nozzle. in these cases, the ruel i heated
in the pr isence of Qissolved ar in an environment inclu.din•- metal. sur-
faces. *.,!5 hig, tenperature direiness of jet fuels is rot adequately
predi,.t.i Cr definc-f y conventional low temperature stor% stability
evaluations and ASMI = tests. There is, however, some indication that
these overall dirtUiess trends of jet fuel are increased with storage time.

The •aterials Laboratory, W.RRi, of the Wright Air Developaent
Center requested that this Laboratory make a study of the high temperature
deposit forming tendencies of jet fuels, it was indicated that this study
should include various classes of hydrocarbons which are not now being used
in the preparation of JP-4 fuel. In general, the U-)4 fuel, as it is
supplied currenxtly, is believed - be a strsight run product. That is,
no cracked components arc preasnt. T"his is the first fuel study under-
taken by this Laboratory under the current Air rorce Contract AF33(033)18193.
This Laboratory nas maintained a project concerned with the composition and
physical separation of fuels in the gasoline and jet fuel range for the
past 20 yars.

Te dirtiness or deposit-problem has been considered in these
Lnitial studien on the basis of existent and potential gum. Gun is the
term conventiecnlly applied to the fo-mation of essentially non-volatile
and/or insoluble products in fuels. These materials are products of
oxidation and/or condensation of the fuel noted under storage and
accelerated oxidation conditions. The term gum as used in this dis-
cussion is, therefore, more inclusive ta-n sludge or insolubles •ormaily
used to characterize oxidative deterioration of hydraulic fluids and
lubricants. Existent gum cc-prises non-volatile and insoluble naterial
that is present in the fuel at the time of evaluation. Potential g-=
refers to the relative ease and quantity of non-volatile and insoluble
products formed upon storage or upon subjection of the fuel to thermal
and oxidative treatment.

The control of existent gun Is a problem of removal of the
*g-m from the fuel by physical processes, or of the dispersion or susper.-
zion. of the gis- in the fuel to prevent undesirable deposits at critical
surfaces such as heat exchangers, filters, and nozzles. In the long
range program, the problem of potential gum is probably the =ore important
of the two. Control of potential gu= is probably a more complex proble
than removal of existent gum. Potential gum control can be attacked by
the use of oxidation inhibitors, and by a basic study into the type of
compounds required to produce gum on oxidation.

The study of chemical srzcies and their relation to Sun forn'a-
tion has been approached from two general directions. First, a JP-4
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*{ * standard (dirty) referee fuel has been subjected to various physical
separation processes to d-tersinc the effect of these separations on
potential gum formation. These ph:ys'scal separation processes include
distillation, silica gel adsorption, and liquid extraction with a liquid

• s--r~ia-a ne solvent. The second approach is to study pure hydrocarbons
and possible tyves ui mineral oil imourities, both alone and in synthetic

L'uel blends. to determine the potential gum formation. --. z latterU ~ approach is made practical by the large inventory of pure hydrocarbon
t.-ass accumuiated over the years by this Laboratory in conjunction with
research in the physical separations processes.

dThe "-4 referee fuel was obtained trm tue fautim-re Lfinery
of che Esso Stai. -3rd Oil Company. Approximately 200 gallons of this
IP-4 referee fuel were purchased for use in this study. it is believed

L that this JP-4 referee fuel is des•gned to exhibit maximum dirtiness
L allowed under the JP-4 specification.

I B. LIQUID MRACTION bNIT USED IN T-M; SEPARATION OF JP-4
R- M FUEL. This unit consists of a 2D stage extractor with auxiliary
equipment for solvent and Dduct recovery. It is designed primarily
for continuous operation, s. it has been used satisfactorily for batch

Soperation. :.n the present study, continuous operation was used.

The extractor has 20 individual stages stacked on top of one
another. Efficiency tests indicate these stages approach theoretical
stages, i.e., equilibrium between the two phases is reached on each
stage and separation of the pb-ses is complete. The extractor is con-

~ |structed so that the location of the feed point can be changed to give
- various combinations of enriching (above the feed) and stripping (belowStha fas-) . I-t. cs.. . ....; zxtaor is zq'Uppad -th s .pl ..r• les for

ST bnth ph.ases on each stage. Each stage has a water inJecticn "--.t to
~ I decrease tb- hydrocarb-. Colubility in the extractor since water acts

-- as an anti-solvent.

it The predominant constituent of the solvent is ammoria. Mono-
rsetbylamine is added to ammonia to increase the solubilit; of the hydro-
carbons in the solvent. The light phase, or solvent plus hydrocarbon,

leaves the top of the extractor to be separated in the recovery system.
The heavy phase, or hydrocarbon saturated with solvent, is pumped from
the bottom of the extractor to the- recovery.- -- e. The solvent from
these two streams are combined to be used over again in the extractor.

?he.hydrocarbon from the light or solvent phase is split into
two straams: (1) extract product, and (2) reflux to be returned to the
extractor. The hydrocarbon from he heavy phase is the raffinate product.
The extract product is combined with the raffirate product to be used
over again as hydrocarbon feed. In this way extensive separational
studies can be made on an ou-g".ai charge of 25 to 30 gallons of hydro-
carbon feed.

I. C-erat!-n .onditions. Six separate extractions were made
on the "topped" JP-4 fuel. Of these, five extractions (runs 231, 232,
233, 234 and 235) were of an exploratory nature and three of the rain
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extraction varianles wera studied. The operating conditions for these
extractions are shown on Table 84. These variables are product propor-
tionment or ectract yield, so.lvent-to-oil+ ratio, and stage distribution.
Approximately one to two liters of extract product along with the corre-
sponAing amount of raffinate were collected in these runs for analysis
and fir a stady of their properties.

unts 23o ano 237 were production. e.trctions hn 'hicbh lare
amounts (approx. 15 galn. of extract) of end products were produced. The

oroduct of run 236 was used as feed for run 237. In this may,
the =- eaziy eý2'tacted tompounds were removed by the "=-rt extraction
(run 20), and =u t.1 subsequent extraction (run 237), compounds more
difficult to extracr. were removed. The average operating condition for
runs 236 and 237 arc given in Table 84.

The solvent used contained 9 to 25 weight per cent mn--oethy-
amine in amounia. dater injection was used an run 232 to reduce the
hydrocarbon solub-lity above the feed stage. The water was necessary for
this run since a small proport' n of the feed (8.5 vol. %) was taken as
extract product and the operat.- * conditions were such that this product

j was pure aromatics. In such an extraction, the solubility of the more
soluble compounds increases rapidly as they concentrate toward the top

foe extractor, thuas requiring an antisolvent to raintain two liquid

phases.

In these six extractions, the solvent-to-oil (feed) weight ratio

was varied from 1:1 to 3:1. The -mperature range in the extractor during
cperation was 6)3 to 1021F. Actrallv the temrperature gradient between
the feed stage sod the top stage oi the extractor ranged from about 25'
to 34-F. This helped to maintain the hydrocarbon solubility in the sol-
vent within the limits of 10 to 30 weight per cernt.

Four different stage distributions were used in an effort to
dete.mine the effect of enriching and stripping stages on the separation.
The zsost effective stage distrioution will vary with operational condi-
tions. Therefore, when other conditions are altered it is oftL an necessary
to relocate the feed point, or change the 5tage distribution, to use
effectively all the stages.

The effects of these principal variables will be oiscussed
later together with graphs showing the results.

C. EXTRACTION OF JP-L FUEL. The main purpose or objective
of this work was to determine whether the r~dirty" portion of the fuel,
as well as the potential "dirty" compounds, could be removed from the
fuel by liquid ammonia extraction using an extractor with 20 stages.
Another objective of the work was to prepare a sufficient quantity ofI the extraction products so that practical 'ock-up" tests could be made
in addition to thc laborator- gum and oxidation evaluations. The effec-
tiveness of the separation of the type nydrocarbco for this .-ather wide
boiling ranga fuel evolved as probably the most fruitful result of the
study.
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The referee fuel was purchased from the Esso StandarA Oil omny.
The exact origin of the fuel is not known but.. from the analyses made, it
appears to be made up partially of a cracked stock. This is indicated
mainly by the presence of olefinic hydrocarbons co the extent of eight
volume per cent.

A number of separation steps were used in the preparation of
the samples for "occk-up" tests. These steps are shown schematically
in tae flow sheet of Figure 32 and are discussed below,

1. Fr'ctionation And Analyvs a of Fuel. As the sample was
rec.A 'ed at thiL laboratory, the ASkI boiling range was 1220 to 5IC-F.
Ac'.ally, +he a•t•- pheric pressure boiling range is wider than this
because, by f-art.onation, it is about 80' to 520F. The fractionation
data for the L are given in Table 85 along with some physical propa.-
ties -n the is,' .ions. Freem these data, and from silica gel adsorption
data that are not included, the 'ollowing analysis has been arrived at
for the fuel.

Hvdroe aro Vol.

Olefins 8
Mononoclear aromatics 26
Polynuclear armAtIcs 2
Saturates 64

Total 100

SA furtoer analysis of the are-atic portion is as follows:

Aromatic Groua Vol.% of Fuel
Toluene 1SC-8 2
(-? 6
C-10. 7
C-lU, C-12 and higher hononuclear 10
C-I0, Cl i .i d C-12 2

STotal -28

S- The polynuclear aromatics referred to above cnsist mainly of
L the homologs of naphthalene.

It is realized that in making the aromatic analysis by absorp-
, tion in -. •ul"ric acid, some error may be introduced, due to the pras~nce

of olefins. However, since the olefin content is rather low, this error
- is prqbably not appreciable. Furthermore, the total aromatic content by

the acid absorption of the fractions and by the silica gel adsorption of
the ovezall fuel agree quite well.

2. Toeping of Fuel for Liquid Ekdraction. As mentioned pre-
viously, the boiling ringe of the fuel as received included hydrocarbons
boiling as low as about 801F. knonia forms azeotropic mixtures with
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some hydrocarbons boiling below about 2(00F. In the solvent recovery systa.,
of the extraction unit, the solvent is separated from the hydrocarbon and
purified for reuse by distillation. Therefore, any hydrocarbons that are
present ir. the extraction •roducto that form azeotropes with aeronia will
contaminate the solvent that is returned to the extractor. This means
that an impure solvent would be used which might tc objectionable in m-ak-
ing a ,ery sharp separation. Hydrocarbons boiling above about 20,-F. do
not forn' acectropes with ammonia.

For these reasons the material boi"ing below about 200°F. was

r•-;-,-ca the fuiel by fractional distillation to prepare the feed for
the l'-aii extractoon study. This -.as done c2.ly because- t was more
conveni.:nc to operate -he extraction unit with this lower boiling material
removed. It is believed that this lower boiling material would have little
or no affect on the &-rtiness of the fuel.

Four barrels (180 gallons) of this fuel were "topped" to remove
the material boiling below about 2OF. This was done in this Laboratory's
75-plate column which is equipped with a still having a capacity of 45
gallons. This distillation is sa cn as step A in the flow sheet of Figure
32. In Table 86, the data are g ?n for one of the distillations lhdich
is typical of the other three that were also made. The "topped" fuel,
or the feed for the liquid extractions, r presents 85 volume per cent of
the original JP1-_ fuel. This material is shown as product 3 in Figure 32.
In other words, 15 volume per cent of the JP-i fuel was discarded (product
2 in Figure 32). The estimited composition of the material below about
2=3'F. is 15 volume per cenr clefins with the balance being naphthenes and
paraffins. Essentially no tenzene •psars to be present.

3. Liouid Extraction of "hopped"- Fuel (200r- 52-F.s . A total
of six extractions was mado on the "topped" jet fel. In this series of
runs, acme of the principal operating variables were studied, namely,
solvent-to-oil ratio, stage distribution, and product yield. The detailed

rp operating condiziont for these rums has been given previously cn Table 84.

The analyses of the products from these six runs (Nos. 231 to 23,6), as
well as a summarization of the operating conditions, are given an Table 87.

One method that was used for evaluating s-ze aspects of the
"dirtiness" of this JP-4 fuel is existent gun number (AS!M. Nethn I
D381-52T). This Property for the extraction products is also included
in Table 87. it will be noted that the gum content of both the extrac-

tion products from the individual runs is higher than the original JP-4
referee fuel and this gum content is not greatly altered by changes in
the extraction conditions. On the other hand, the hydrocarbon type
analyses for the extraction products are quite different with changing
extraction conditions. For example, in run 232 (8.5 vol. % of feed to
extract) the aromatic content of the extract is 100 per cent, whil in
run 235 (31 vol.% of feed to extract) it is about 74 volume per cent.
These two runs represent the catre-e differences in the ar.clyses for
this series of runs. The analyses of the products from the other runs
are within these two extremes.
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in Figure 33, the aromatic content of the extract and the per
cent of the feed aromatics in tho extract areplotted against the extracb
yield (% of feed- to extract) for the two differtwit solvent-to-oil ratios
used. qlihsse curvcs show clearly the effect of the two variables, solvent,-
to-oil ratio and extract yield, on the aromatic:non-aromatic separation.
The other principal variable studied, stage distribution, does not appear
to affect greatly the iature of the end products.

AP mentioned previously, the first nIX runs (231 to 236) were
made on the 'topped" fuel. The first five of tbese runs were experi-

e-e+-al with rather small end product samples being removed. In run 236
(:;ter H in FiV.vue 32), atout 1X, gallons wereprccezse-! '.h1ugh the txtract',r,
re.,Ltirg in abo-it 15 gallons of extract product (product No. 4 in Figure
3L) and 85 gallons of raffinate product (product No. 5 in Figure 32).
This run was madA principally to produce an extract that represented the
most soluble compounds present in the feed, so that the dirtiness character-
istics of this portion could be determined. If the polarity of the com-
pounds has anything to do with deposit formation and dirtiness, then the
"dirty" qualities of this c--mple shoul.d be magnified over that of the

* original JP-4 fuel.

This extract represents 15 volume per cent of the topped fuel,
consists of 96 volume per cent aromatics, and contains about 45 per cent
of the aromatics present in the topped fuel. As noted in Table 87, it
also contains about 50 per cent of the feed polynuclear aromatics.

The raffinate from run 236 was then used as the feed for liquid
extraction run 237 so that a 3.-ond extract product could be produced.
This step is shown in Figure 32 as step C. In this run (237), the extract
product (product 6 in Figure 32) represents 18 volume per cent of the feed

V or 15 volume per cent of the topped JP-4 fuel. The aromatic content of
V this extract is 69 volume per cent as compared to 96 per cent for the first

extract. Also, the nature and relative proportions of the aromatics in
these two extract- are probably quite different. The aromatic content
of the raffinate from run 237 (product 7 in Figure 32) has been reduced
to 9 volume per cent, as compared to 21 per cent for run 236 raffinate,
ana 33 per cent for the feed. The olefin content is -bout the same in
all three cases, so as the aromatic content'is decreased, "the saturated
(paraffins and naphthenes) hydrocarbon content is correspondingly
increased. ..

I i From these two extractions the following four products were
made:

1. Extract from rtn 236. Represents the first 15 volume %
1. of the topped JP-4 fuel removed by extraction.

2. Extract from run 237. Represents the second 15 volume %
(15 to 30%) of the topped JP-4 fuel removed by extraction.

3. Raffinate from run 236. Represents 85 volume % of the
topped JP-4 fuel. The other 15% of the feed is arcmatics
removed by extraction.
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. Raffinato from run 237. Represents 70 volume % of tiie
topped JP-4 fuel. The otner 30% of the feed was removed
as extracts and consisted of about 80 per cent aromatics.

Thn hydr•-arbon type analyses listed in Table 87 were made
chiefly from the refractive index and bromine number measurements of
fractic-nz from the fractional dis.I±lation and fractional silica gel
adsorpt.on of the products.

The data for all the individual silica gel adsorptions and
fractio, l.. ..istilIations are not included here, but plots are given for
both a. .:ption anJ 14-stillations that illustrate the.s t.'4r wethods of

Sanalysl,•. Figure 34 ". a plot of the analyses for the fractional
silica gel adsorption uf the feed, the extract product, and the raffi-
nate product from a typical extraction run (235) on this topped fuel.
This plot shows clearly that the hydrocarbon type separations by this
method are quite sharp. This analytical method has proved to be very
useful in making these and similar analyses, especially when olefins are
present.

In Figure 35, the boia.. g point data are plotted for the
raffinate and extract products from a typical extraction (232). These
data illustrate that there is a substantial difference in the boiling
peints of the two extraction products. This difference decreases
somewhat as the extract yield is increased, or as more of the aromatic
hydrocarbons are removed into the extract product.

The flow sheet for the suparation of JP-4 referee fuel indicates
that tht raffLnatc arn extract products have been subjected to further
distillation. This additional distillation step is necessary to reduce
the existent gum value of the products from the extractor which are,
in all cases, in excess of the specification limit for JP-4 fuel. The
increase in gum number in the extraction rprocess is discussed in more
detail in the section on existent gum. To prevent, or limit as much
as possible, the formation of additional gm on standing following the
extraction and distillation steps, 20 parts per million of U.O.P.
Inhibitor No. 5 has been added to the products of extraction and dis-
tillation.

Oxidation tests discussed in subsequent paragraphs indicate
that any inhibitor originally present in the JP-4 fuel is effectively
removed in the liquid amnonia-amine extraction procedure. Therefore,
products taken from the extractor must be reinhibited. It has been
experimentally shown that U.O.P. Inhibitor No. 5 does not appear as
gum in the air jet gum test. Similarly, distillation of extraction
products containing U.O.P. Inhibitor No. 5 indicates that this
material is volatile. As a safety feature, howev6r, it is planned
to add an additional 20 parts per million of U.O.P. Inhibitor No. 5
to the extractor products that are subjected to subsequent distillation.

The composition of the extractor fractions, according to
hydrocarbon type, show good separation or concentration of the arcmatics
and •,iiufti in the extract fractions, and saturates (naphthenes and
*paraffins) in the raffinate fractions. A measure of existent gum

WADC TR 55-30 Pt 3 -188-

I



indicates, howcver, that the valuers for all extractor products are higher
than: for the topped JP-4 referee fuel used as the starting material. This
trend was found 1,o be characteristic of a basic wash Qf JP-4 referee.- fuel.
Potential gum studies after oxidation, however,, indicate that some differ-
ence,_ between the raffinate and the extract have been effected by extrac-
tion. It !E. further indicated by pr.;liminary tests, that a simple di.-
t. liation of the extraction products to produce fractions varying acc-rd--
in,- to increasing molecular size causes still furthcr separation i-n
pot ntial gum values. It has been found that a simple distillaLlon aiso
e-isentially eliniinateb -xistent gum values.

As a :-sult of these studies, which are dusrlbed fn - -- b-
e~quent section Xf this report, large scale vacuum distillations have

been conducted on the extract and raffinate portions of extractor runs
236 and 237 (runs B and C on Figure 32). These distillations are
designed primarily to reduce existent gum values formed or at least
increased by contact with the basic ammonia-amine solvent in the extractor.
In all cases, the distillations were carried to about 95 volume per cent
distilled. Approximately 10 gallons of distilled products have been
prepared for each of the f ;r materials discussed, i.e., the extract and
the raffinate fractions fru.. runs 236 and 237.

In addition to these four major products, three fractions of
run 237 raffinate have been prepared according to boiling range'. Three
batch distillations were conducted and the same fractions from the various
distillations blended. Fra-Lion 1 of the raffinate from run 237 includes
the boiling range from 230- +- 3500F. (30 vol. %); Fraction 2 from 350*
to 450 0 F. (147 vol. %); and Fraction 3 from 4500 to 550OF. (14 vol. %).
The remaining 5 vol. % was divided among the loss, holdup, and the residue.

The relationship of these various products from the simple
distillation are shown on Figure 32. All of these distilled products
have been inhibifed with 20 p.p.m. of U.O.P. Inhibitor No. 5 and stored
in 15 gallon steel drums under a nitrogen atmosphere. These fractions
are the result of efficient separation techniques. The various fractions
do, therefore, offer an opportunity to determine how widA or how specific
the dirtiness trends are in this JP-4 referee fuel.

L The frantions indicated on Figure 32 are being studied in

the second phase of the jet fuel test program. That is, these fractions
are being evaluated in bench tests to determine their dirtiness charactet-
istics.

D. APPARATUS AND PROCERES FOR EXISTENT AND POTENTIA GOW
DETERMINATION. Gum determinations are condrcted in accordance with the
air jet procedure of AS% Test Method D381-52T "Test for Existent Gum
by Jet Evaporation". A flow diagram of the apparaitus used to meet the
requirements of the gum determination is shown on Figure 36. This
apparaLus has been madc by modifying the constant temperature oath
used in an earlier study relating to slide valve sticking by hydrauthe
fluids. The construction details of the bath, along with a wiring
diagram, have been shown as Figures 7 and 8 of report PRL 5.8-Sep53.These drawings are, therefore, not repeated here. The temperature of
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. Table 84

OPERATING CONDITIONS FOR THE LIQJID ETACTION OF "TOPPED" ESSO JP-4
RIEFER FUEL IN THE 20-STAGE EXTCACTOR USING LIQUID AMMONIA SOLVENTS

(THE "TOPPED" FUEL INCLUDES THE MATERIAL BOILING ABOVE IOO1C. (212F.)

AND REPRESENTS 85 VOL.% OF TPF JP-4 REFEREE FUEL)

MIXER FREQUENCY, CYCLES PEI MrIlITF A 05 MIXER AMPLITUDE, INCHES - 0.25

r RUN hO.- 2)1 2)2(6) 293 234 2)5 2360" 2)7(8)

SIAGE DISTRIBC'TION, EiF/S(I) 15/F/4 15/F/4 12/F/7 12/F/7 8/F/lI 15/F/4 SIFIl

RATE, LBS.p•. 15 45 45 45 45 45 45
COMPOSITs.o. WT.16

AMqON,, 91 91 91 85 82 85 75
MONOETIIYLANINE 9 9 9 15 Is 15 25

SOLVENT-TO-OIL WT. RATIO 1.0 3.0 3.0 3.0 3.0 2.9 2.9

HYDROCARBON FEED RATE, LBS./HR. 15 15 15 15 15 I5.6 15.6

VOL.$ OF FEED AS EXTRACT PRODUCT a 8.5 20 19 )1 15 Io

EXTRACT P4ASE LEAVING EXTRACTOR(21
RATE, LSS./HR. 19.5 57 52 59 51 55
WT.% SOLVENT 78 7- 8 6 73 78 6e so
WT'.! HYDROCARBON 22 22 14 25 22 32 20 V

RAFFINATE PRODUCT('M (SOLVENT-FREE)
RATE, LBS./HR. 13.7 13.6 10.7 11.8 10 13.1 12.6

HYDROCARBON REFLUX
RATE, LB./HR. 2.9 11.1 4.2 11.5 7.5 18.2 8.0

REFLUX RATiO(43
TOP STAGE 212 8.0 1.2 ).6 .3 7. 2
FEED STAGE 0. 3 .7 0.5 0.9 0.7 2.4 .:

EXTRACTOR TEMP. RANGE, OF. 72-97 61-95 65-95 68-102 68-9, 61-97 70-Ico

STAGE 16 - SOL., WT.%(53 13 19 10 19 16 n4 16
TEMP.. OF. 79 65 70 72 774 82

STAGE 12 - 5OL., WT.%•() 14 19 10 16 I6 33* 15

TEMP., OF. 90 11 eI 84 93 77 100

STAGE 8 - SOL., wT.%(5) 12 22 10 13 13 )2 15
TEMP., F. 92 92 93 102 92 90 99

STAGE 5 - 50L., WT.%(5) a 13 9 It 10 14 12
TEMP., OF. 97 95 93 99 92 97 99 -

STAGE I - SOL., WT.%(5) 4 6 5 4 6
TEMP., "i. 94 1 92 99 92 92

(1) ENRICHING/FEED/STRIPPING STAGES.
(2) THIS IS THE SOLVENT PHASE AS IT LEAVES THE TOP OF THE EXTRACTOR AND ENTERS THE RECOVERY SYSTEM.

THE DIFFERENCE BETWEEN Till' RY0.OCAPOON IN THIS PHASE AND THE EXTRACT PRODUCT IS RETURNED TO
THE EXTRACTOR AS REFLUX.

(3) THE RAFFINATE PRODUCT IS THE HYDROCARBON OF THE HEAVY PHASE AS IT LEAVES THE EXTRACTOR. THIS
PHASE USUALLY CONTAINS ABOUT 5 WT.% SOLVENT. THE BALANCE IS HYDROCARBON.

(4) REFLUX RATIO IS DEFINED AS THE POUNDS OF HYDROCARBON ENTERING A STAGE FROM THE ONE ABOVE
DIVIDED BY THE POUNDS OF EXTRACT HYDROCARBON REMOVED AS PRODUCT PER UNIT TIME.

(g) SOLUBILITY 1I THE WT.,% HYDROCARBON IN THE EXTRACT PHASE.
IN THIS RUN 1.5 LBS./HR. OF WATER WAS INJECTED ON STAGE 6.

(7') THIS WAS A PRODUCTION RUN. THE OPERATING CONDITIONS LISTED ARE AN AVERAGE FOR THE DURATION
OF THE RUN.

(8) THI4 WAS A PRODUCTION RUN USING THE RAFFINATE FROM RUN 236 AS THE FEED. TOE 18 VOL.A OF
RUN 2)6 RAFFINATE REPRESENTS 15 VOL.% OF THE "TOPPED" REFEREE FUEL.
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Table 85

RACTIONA.L DISTILUTION Of ESSMO .'P-4, RFEREE F•JEL

"W GNAouTIIO -0. 0 5 IN 1 .e7.!c'4 1.0. STAIIN(SS STEEL CL'.U'V NO. I
f(0PROXIMATELY 35 THEORETICAL PLATES)-VOtA DISTILLED RrFLUX RATIO

0-14 20:1
14-6.• 10:1

20:1

CHARGE: 53.5 LITERS OF JP-4 REFEREE FUEL OF FORRLA 192 PORCHASE FROM TYE

,•S S1TAND0ARD OIL "JLWAX ,
ESTIMIATEO AXALYSIS

.. Z.Ct.UAR AROPIATICS 26
POLYlUCLEAR AROMATI:CS 2

TO IA

DISTILLATE 3r0 85;.4

REO ECRY 3.70 10

1.I.P. q2

2 2.6

; 70

, O1STLLA'TE 99 aI .- RESIDUE 0:6

" !FRAC. PEi TAL CC. CHARGE '760 19. K• ,I: AT1ER VOLT.
N O. FRAC. !DOISTILLED DIT

l"2 480 2300 43 :5 N7 ,73
•.2780 5. 95 1 ! 1.3745
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cc2 CF42 21.3 .2i ED 2 I Ex.4-EST

6 13,380 &M 27.9 733.i 267 1.4030L2A.1i 40 26.8 e2'.0 2 .75 5 1.46
481 510 9 8 7. Ig2 o .. &M422 901 t6,2 10 : 90.31 i12 i 1.3993 0

12-- F.4 9835 -Z2

7B0 13£0 13,4 3.3 I g, 11 1.19 ii6
U3 £80 758 If 112:.5 21 :43

4 96o 38540 *o0 2 21. 4  4314 . 411 24
174s - -2.0P _ 1_.4180

:7 4 2 1 1.2 29.0 1 203.5 2 149S6o 400 3s 692 23.1 39. 0 2 1.4255 1.4151 1319 L6 j 10 .21 4271 .474
1,j73.41309.014301 0

53RI 480 I 9,40 7 4.3 _ I :.1 2 -:.A0 I .38 5

52 £ 2:[40220 30.3 !4 2 V. :~ .4;804[ £8 7£,180 1 2.1. .1 iA,. m4' 1 1.43-1 j
52 Is 760 3. 2149.0 3008 1.4348 1.4210 48
151004.601 57-.11.121.57

1`2 ;M 21.5020 89.41 §. 32 1.47001 .A 3

29______ £5,9.0 85 ;:23. 455 3 1 .41 :2 1. 43

3C2
8 28 1 :88: 1 ;:1550

K
4
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Table 85 (Concluded)

nO&C. P00 TOTAL CC. | jeR$ C7RE0T TO. IND[O[ ER,r ~~ VL. .. RELO T~l. RFACTIVE
.t. FRAC. OISTILLEO DISTT *C. *r.U

66E 4 q.9 2O.ý'

7 1 ,rSO 1 ,,eo

A6,.10 -A1.7A 240.D • I.4723

IA *87.9 I:L.T~OIAO7.STeE ,AROMAIC CONTENtT WAS CAILCULATED FROM THE REF'RACTIVE INDEX BEFORE AND AFTER SULFRIC ACID
EXTRACTIONl.

13
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31' 1Table 86
EFliACTIONIAL I-STIVLATICN ()F E33) J--- -4 W=ME

!APPRCOXIMATELY 35 TIZOORALLICRNAL"PLATES Ag0 25.1 ROI,0X RATIO)

ml. DECEMBERO 3-4. 1953
"C"AROE: jO-S REFEREE FUlEL. OF 10-ML8A 192 PURCHASED fR.'I T-E

E220 34TVR22' OIL COMPANY

PROPERITIES 0' CHRGE:0 8OFRICYIVE INDEX AT 2C*C., 0"' I."4

t -_-AP.. "V

2 154

20 26 ____
D 20256ESTlIMATED AALTSIS

40 332 HYDO8ARION1 'iOLA

84 "NUOOCLEAR AROMIATICS 2

70 309 VOYI.MCLEAR AOTKOT;.^ z:
m I aSmATUZT 64

90 21 "A To~t
93 51 'mcotzo.%-02

DISTILLA0TE 9.0 cc. SLb OTNV.; 02
ROSIOJOZ 0.6
RECOVERY 99.6 

CTRL

m 0% I' COTTRELL 200008 I
S r .'. CORRECTED I.LF. JREOIt;A0T.IY

IFRAC. PIR. OAc E T R G 5%4 I N
FPS 4  DISTILL.ED T.! .6O1O . C.

IiA 110 si.o8

600 3.6130.,5 8-.41 iC
203m 4.1

7990 4.3 36.3 90.1 0.55 1334 ag- 5.3 I ~ 3

0 87 b.4 I .7
7 960 .111303 i.9 64.z5 1 147.7 1.4i 1.3820

960 12,190 7.5 133057
969 13,750 8. 1590 i6.0 I1 a

f10 §0 I4 -I 8.62 - U5 -I.5 -I.1
* 1 60 l,63 9. tI .44531

Id: 960 18,:550 WI 1 7. 9 -- 2'.ý 1.3000
4 60 55,30 110.4 1- 9B*~ ~~ ?6 -F 4: 17fT6I~ I jiLIIII 4I30 12.69 14.6 220.3 0.55 ~

271 960 2239 318.201
S9 Iq 960 23.,50 19.3 11.05 208.3 0.40 1.4040.

28 960 2390 :ms _

0'2 8.II0O CR 4279P20j1 04.6C M.3 I5~ 3 15



Table 86 (Concluded)

v,43% 50% COITRItL s~DCOTTRELL

C. OF .P. C3TOCTOO A.S.P. REFRACTIVE
FRAC. PE T AL CC. I o I .O m

31 910 a 20.5 1195 411 .25I0 •C ,$TL£ S. *C * . .C ] N

I 9 :1.6 121.55 250.8 0 j m i .

Ir 1 !N 1:j' 1_2.!
_ _ _ L7 I I i 0,3-5
A:- --OY 25:.-1!.'-O -70--- I- -0 .. . L -•T
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Figure 33
ExTIRACT AP% IC CZMNiT AND A1CHATIC YISlD IN EXTRACT AS A

FUNCTr1CN OF VCiL. % Orr FEED TO EXTRACT
Top-zed Esso Jp-. Rteferee Fuel

Boiling Range = a0=-550I'F.I
Solvent Composition, W.:.

Ar-sonia 82-91
Y ethylamine 9-18I

-IT

XI S:O 3:1
60-T

40 -

i-i S:O 1:1 I

sos

sSO -3:

11 S:OI:'1lNI

-o~antic Content1
of Feed401 3n 50t

Vol. ofFe oErc
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Figure 35
FRACTIONAL DISTILLATION OF TNE END PRODUCTS FROM MDE LIQUID

EXTRAC7iGI COF T-CPPSD JP-4 RRER•- FUEL
(FRACTIONATKE IN !5 ". I.0. GLASS CO,.AORS KAVIAR 30 PLATES -'
ABOUT 30•1 REFLUX RATIO)

1T'tSE PA•SOdA0 AREI FROM EXTRACTION RUN 230

Sto VT. RATIO " 7103i sT. 3f uTAU, E/r/. =:SI•I

VOL. $ Of FEED TO EOTEAT * 8.5 1

4T' . Alkk-YSIS OF PRODUCOTS VO.___
RAFFI.WTE ETX7,CT / 0

2;Z IRATIIS 23 100"23 SR-I ATA I CS 77 0

.15

S/I

130

' /*
2D 40 60 So I0

Volume Per Cent of Charge Distilled
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[-he Lbath eiu bc controilf-d by tbfh two Variacs soun in Figure 36. The
tcnperature is controlled manually through the Variacs by regulating
the hcat input..

The well In the adrnmi blo*k is filled with low melting
Ce.-robase alloy. The Cerrobase alloy has a melting p'.±nt of about 2500F.
As i-ndicated, a coil of 5/16 inch o.d. copper tubing five feet long
is i 'mersed in the Currobase alloy as an air preheater. Two forms,
fashioned from steel tubing to fit snugly around a sLaUdard 10 milli-
'iter beaker, ere also immersed in the Cerrooase. The beakers used it;
the '-f:st coi,,d -'t be immersed directly in the Cerroba.-e because of t1i1
proc-, .m of cle;,..; solidified Cerrobase from the i zz after the
test. The beaker aeight must be repeatable to about t 0.2 milligram
to assure adequate precision for the measurement of small gum numbers.
This apparatus has worked satisfactorily in the tests conducted to date.

The air jet method of conducting the ASTh gum test has been
used throughout this study. It is believed that the air jet test method
is Comewhat more severe than the mether involving superheated steam.
It has been experimentally c 1,ermined that the air jet method gives
essentially n. gum number foi *iure hydrocarbons up to at least a
mnlecuiar bize containing 16 carbon atomi. In general, this molecular
weight range would include the highesL boiling components of JP-4 fuel.

The gum number test procedure consists, briefly, of measuring
a 50 milliliter sample of test fluid into a clean tared beaker of 100
milliliter capacity. The beat-- is inserted in a 311 ±- 90F. constant
temperature bath. A jet of dried air is blown over the surface of the
liq'uid at a rate of 1000 ± 150 milliliters per second at a test tempera-
ture of 311 1-- 96F. The air flow is continued until the sample in the
beaker reaches dryness plus an additiunal 15 minutej after dryness is
reached. Tne beaker is removed from the bath at the end of the evapora-
tion period and allowed to cool for two hours, in a dessicator. The
difference between the final weight and the tare weight is a measure-
ment of the gun. The gum numbers used in this discussion are all ex-
pressed in terms of milligrams of gum per 100 milliliters of fuel sample.

In the test for putential gum, the same gum determination
de-cribcd above is applied to a sample of the fuel after subjection
to an oxidation test. The oxidation tests utilized by this Laboratory
in this study. are modifications of the ASTK Test Method DW73-49 for
Oxidation Stability of Aviation Gasoline (Potential Gum Method). The
apparatus consists of a modification of the Pyrex pipe oxidation apparatut
develop-d for the PRL pressure oxidation and thin film oxidation tests.

The modified apparatus is shown on Figure 37. The apparatus
consists of a 16-inch section of Pyrex pipe (1.5 inch i.d.) sealed off
at one end and provided with a standard flanged fitting at the other.
The oxidation heads are constructed from stainless steel and arm sealed
to the Pyrex pipe with a stainless steel flange using a Teflon gasket.

The construction of the oxidation head differs for a static
test and pumping test as indicated in Figre 37. In the fovzer case,
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a 1/2-inch stainless steel cross is fastened to the stainless steel
flange through a short nipple of 1/2-inch stainless steel pipe. The
cross is provided with 2 stainless steel needle valves and a pressure --
gage. For the pumping test, the oxidation head nsa been enlarged to -!r contain a water cooled condenser comprising a 16-inch length of 0.5
inch dCameter stainless steel tubing. The 1/2-inch stainless steel
pipe crss is mounted on top of the condenser. The vertical exit from - -"
the 'ros.e is flanged to a scckct dze..-nt s datc a sclanoid core

for activtirg the backet pump conventionally used in the PRL thin film
oxid n est. The two other exits are connected to stainless steel
neea_ý va -ý. (ie oP the arms contains a pressure gage betveen the
cro°.s &r.._ 4 ae needle "zle. Pressure oxidation tests are conducted -"
.it r bot': test systems. The total volume of the static system is 480 -r

milliliters for the pnping test apparatus employing steel jack chain. -
Wfhen glass beads are used in the pumping procedure, the volume is 350_-'
milliliters.

The oxidation tests have been conducted at a temperature of . .!
2501F. anc a pressure of 50 p.s.i. gage. The 40 p.s.i. gage is the
maximum reo=ended workine press. e for the Pyrex pipe. The 50 p.s.i.
pressure is, therefore, the sum oi he fluid vapor pressure and the 1 i
oxygen pressure at the test temperature. The 2501F. temperature i a

c--p.r•mise between the increasing reaction rate with higher temperature
=nd the decreasing amount of oxygen that can be charged.

These oxidation tests are all conducted with pure oxygen.
In these exploratory oxidation testr primary emphasis has been placed --
on the amount of oxygen used. The time to obtain this degree of oxida- I
tion has been measured, but was not tbF factor used to deter-zine the t"-.•"
severity. The amount of oxygen assimilated was measured as a pressure .
drop at room temperature rather than at the 250°F. t,.est temperature.
rteis, the oxygen was charged to the tube, after adequate flushingS~~with pure oxygen, at room temperature and the pressure recorded at this "

B temperature.

Following the test, the apparatus was allowed to cool to room
temperature again before the final reading •as taken. This rules out
errors in determining the amount of oxidation due to the formation of
water or other products which are gaseous at 250'F. but liquid at 70-F.
In essentially all cases "he-e sufficient gas pressure remained, the
exhaust pas was anazlyzed for crbon dioxide and oxygen. The tests con-
ducted by the standard static test procedure resulted in aan oxgen

e of the gas in the system after the test of 90 to 100 per cent.
The carbon dioxide content for the same samples runs froa 0 to 2 per
cnnt of the exhaust gas. These gas analyses after the standard oxidation
test are about the same for all of the pure nydrocarbons and the JP-4
jet fuel tested. Measurement of gas pressure at room temperature
following the oxidation test woivL be an adequate measure of the oxygen

dduring the standard static test .ithout the additional gas analysis,
since-there is no iaccation of large quantities of gas other than oxygen
in the t-L system.
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In' t. r Lhirn : , ým!Lenpng procedure, ga! analysi3 after o.diftP n

te:t-, with JP-4 and the rurs hybJrocarbons shows approximately 65 to 95' .ner
cent ,x'gen in thie gas. "he carbon d.oid- content of the gas foUolwrin
the thin. fiLm pumping tests varies from 5 to 1 per cent. hp ettempt Naz,
been made to identify the remaining gaseous products in the tests conducted,
thus far. On tL.e basis o. exhauqt gas analysis, the thin film pumping test
anpears to produce more severe oxidation and cleavage of the test fluid.

I. &xistcnt Gum Studies. The effect both of hydr-cfarbon types
and physical separation processes on existent and potential gum, or dirti-
n •-- in the J?-4 referee fuel has been determined. The procedures used
to ,exi.i .. nt, and potential gum have al tr'.ui 1)-r .Vutlined. The
cx1t.,cnt gwum deinr•rnations discussed hAre are 'oncerned solely with gum
or recidue, which at the start of the gum test is in solution with the test

L fluid (i.e., one homcgsneous liquid phase). In other words, this type of
gum cannot be removed by a so,,plb mechanical filtration process.

The effect of various physical separation proceeses on the gum
contcnt oa topped JP-4 referee fuel is shown on Table 88. The gum value
of JP-4 referee fuel and th t of the topped JP-4 referee fuel are essen-
tially identical (10 mg. pr 100 ml. of fluid). It can b9 seen from the
"data on Table 87 that all of Lhe products taken from the 20 stage liquid
extractor show a larger gum number than the original JP-4 topped referee
fuel used as the charge to the extractor-. There is a difference in the
physical appearance of the gum derived from the raffinate and extract
samples of the topped JP-4 referee fuel. The gum or residue in the gum
"test from the raffinate products, in general, has a particulate appear-
ance. There is some cvidence -hat this material has progressively pre-
cipitated from the raffinate fraction during the course of the evapora-
tion to dryness. -The gum from Lhe extract product is more typical of
the soluble gum noted in the oxidation tests. This material forms a
fairly even lacquer-like coating over the bojtcou tif the test beaker.

The fee,4 to the extractor, after contact with the amm-onia-
amine solvent, shows the same characteristic increase in gint value as
the products (raffinate and extract) from the extractor. This increase
in gum value could result from the reaction of ammonia as a base with
materials present in the JP-4 to form a salt, such as the reaction with
naphthenic acids, phenols, etc. Or it may result from the solution of
small quantities of high molecular weight residues or dirt left in
portions of the solvent recovery system from previous extractions." A

L sample of topped JP-4 referee fuel has been shaken with an equal volume
of ammonia-amine solvent in a glr.ss pressure flask and'the referee fuel
sample subjected to a gum test upon removal of the ammonia-amine liquid
layer. A gum number has also been determined on a sample of JP-4.
topped referee fuel following a wash with an equal volume of 5 weight
per cent aqueous sodium hydroxide. Both of these alkaline washes in
glass equipment cause an increase in the value of the gum number as shown
on Table 88. This indicates that the chemical effect of the solvent on
the JP-4 topped referee fuel caused at least a portion of the increased
gum noted in the products from the extractor.
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lt is also known that high molecular %eight impurities from
prosbous extractions are present in portions of the liquid extractor
apparatus. -he onZe.t oZ these c-p-. ,es or the gum value, if any, wo.'d
be difficuli t. -etcn-in=, Tih extremely small quantities of gum necessary

to ca-soe a fi-nite charge in gum value emphasizes the neod for special care
in handliig small samples, ana illustrates the relatively large effect of
minute cont'aminants.

T7e gi number of one (-unity) means one milligrm= of gin per
lO0 ma. o, •±-le. Ihe rnegnitide of contamination necessary to cause
an incrca- cf i., an *he gin number is about 10 parts por I--.A n o-
0.001 weic.t per cent. gý £eneral, the main object in extracting the
topped JP-4 jet fuel was the separation of fractions showing different
values for potential gin rather than large differences in existent gin.
The potential gin values are discussed in a subsequent paragraph.

It is apparent from the extraction data that the ammonia-
amine solvent will not improve existent gum values which are already
in the low range. Two other physic I separation processes havc been
apolied to the topped JP-4 referee ,el and other fractions from this
fuel to determine their effect on existent gui. Simple distillation
and fractionation have been applied as physical separation processes
for control of existent gur. In all ases tested, fractionation or
simple distillation, where sufficient care is taken to prevent entrain-
ment, removes essentiall- all existent gum. This effect is shown on
Table 88 for simple distilled JP-4 topped referee fuel.

The effect of simple di•t•llat..•on c--. xi t m... . is shown in
more striking fashion on lable 92 for several hdrocarbons. Tetralin,
for example, shows an existent gin nuoner ol 1390 after storage in this
laboratory for severd- years in a screw cap glass bottle. Simple dis-
tillqtion of the tetralin reduces this value to 0 for the gum number.
Similar trends are shown for methyl naphthalene, dicyclohexyl, and dia=cl
beneene as indicated on Tablis 92. these data indicate that it is probably
the high boiling polymer or condensation products of oxidation during
storage that cause gum rather than the simile oxidation products themselves.

ibis is further bo-ne out by a study of tne gun value of a
typical light petroleum naphtha fraction (112- to 260-F. boiling range)
which has been subjected to vapor phase oxidation at elevated temperatures.
The cxidized naphtha contained a total of 3 to 4 weight per cent oxygen
following the oxidation. Yhe oxidized product had an existent gim
numter of 20S. The product, after simple distillation, had a gin number
of 2.5. There was essentially no change in the oxygen content beLween
the orlgiral. oxidized product and Lbe distillation product. The indi-
cations are that the gin found in all of these determirnations represents
high molecular weight products formed by polymerization or condensation,
rather than ein-g due .o the simple or initial oxidation products.

Silica gel adsorption, or clay treatment, r~presents another
physi.a- separation proces. whic-h may lend itself to red iction of existent
gum. This treatment would probably be the most pnctica preceoc to be
applied to dirty fuels in the field. That is, filtration through clay or
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s•ilia 6vl .equires tue least complicated equipment. The silica gel
treatments shown on Table 88 are mild treatments of the type that could
be applied in the field, as oppesed to the ragorous sahca gel treatment
which as roraly used to achieve nearly quantitative hydrocarbon class
separations in the laboratory. It can be seen that mild silica gel
treatnent, either batch or percolation, does result in a sizeable lowering
of t.he existent g=- vali- of .he topped JP-4 referee fuel. 'he silica
gel -;:"dies wil' be extended to include some of the more common clay types
used in the petroleum industry. These studies will also be extended to
nluoe o.samples exhibiting considerably higher gin ntnibers than the JP-I

t.,ppoA referee fuel used in this study.

2.- Pot•__.ial baUM Studies with JP-. Referee Fuel. Studies of• ~~~~pote-ntal gum for-Aation are of more interest i-n the .... f'°+"+o- . .^ ael

r dirtiness than the study of existent gum. That is, the fo-mation of
potential gum is being examined in order to determine the hydrocarbon
t-ypes, or impurities, in the %el which contribute most to fuel dirtiness.

r There are several ways to survey potential dirtiness in fuels. These
include a study of inhbiitors and promoters, a comparison of dirtiness
after a standard oxidation te-t, and a comparison of dirtiness at a given
degree of oxygen assimilatior,

The initial stages of this study have been made on the basis
of dirtiness produced per unit of oxygen assimilated. Two general test3rc s as desorted pre"usy, have been ut..l.ed -. toots.
The standard test :c conducted in the apparatus sh:ne on Figure 3'.
The en-.iroraent is glass with the exception of the stainless steel head.
The fluid vapors and oxygen are n contact with the stainless steel
oxidation head, but the liquid being teseed is not normally 2n contact
with the ztainless steel. The thin fim teat is conducted Ln an

I n:irorznent wnich includes intimate Dixing of the test fluid and oxyger+
Son a metal (generally steel anid •t-ainless steel) -acface.

in all of the accelerated oxidaion tests, the gun or dirtiness
noted is divided into two classes: insoluble material, which at the
termination of the test is not in solution, and soluble gum which cannot
be separated from the fluid by filtration or observed as a second separate
phase in the fluid. The insoluble material in the thin film test is
broken down into the material adhering to the steel jack chain and the
insolubie material remairing in the test fluid. In all cases, the insol-

7 %"uble material is washed from the filter or test tube into a tared 100 ml.
Sbeak•er with a volatile solvent aich as acetone or low boiling petroleum

naphtha. The insoluble material plus the volatile solvent is then sub-
jected to an air Jet evaporation test in accordance w-ith the ASD4 gu=
determinat ion procedures and techniques. I haMs been determined tunt theSaceton= anti ivw boiling petrolc-um naphitha soIVcnt1 a;' no g;=m n•.=iers

as measured by this procedure.

i 3. Dirtiý.ss Tests with JP-4 lomped Referee Fuel. Potential
gu= tests nave oeen determined by both the standard and thin film pro-
cedures on the JP-4 toppea referee fuel and various fractions resulting
from the physical separation of this fuel by extraction, distillation,
and silica gel adsorption. The results of thoce potential gin tests are
WAFDC TR 5530 Pt 3 -4-7-



shown on Table 89. The first tuo tests shown on Table 89 illustrate the
effect de u•gree o0 uLuat u,. -.nC,. ..a range in oxidative attacK
covered by the data on Table 89 ranges from about 15:1 to 100:1 in terms
of moles of fuel per w'-e of oxyeen, T'he rate of -- 4dation of Vie topped

JP-4 referee fuel is not changed substantially over the range of oxidation
ronted in the first two tests. The total gurn formed per unit of oxyger.
absorbe• is not altered for the tests of diff.ring severity. The primary
differenme noted between the two tests of differing severity is the amount
of i.nsolulbies formed. For a 3.5 fold in'zrease in oxy-gen ass,1=4-1-tion, a

L4- fo..l increase in insolubles is noted.

-- 'da.-Id -, ation tests on the products of •xtrtx-cns 231
dnd 235 are also ohoa-e. -,n Table 89. These tests indicate that the
extraction process eliminates much of the initial oxidation stabilievy
of the Jr-4 topped referee fuel. Thate is, the time required to achieve
a given degree of oxidation is much lower for all three extractor samples
than for the topped 3?-;. .. t f hel. This s=e effect has been noted with
JP-4 topped jet fuel that has been mixed with the areonia-amine solvent
and separated by evaporating off the ar=ia-anine solvent. Thus, it
would appear that mixing the top! d J3-k referee fuel with the ar-onia-
amine solvent reduces substantiaL the effectiveness of the oxidation
irnhibitor (natural or synthetic) present in the original fuel. The
extract fron run 231 shows a slightly higher ratio of total V- to
oxygen assit-""'ted than the two raffinate fractions. Of the total gu
formed, however, the two raffinate fractions produce a larger portion of
insolubles than does the extract. This has been a general trend with
JP-4 extraction produe.3. These studies will be pursued fL L1,ar to deter-
mine whether it is tne poorer solve..jy of the raffinate fractions, or a
basic difference in type of oxidized product formed, that causes this
difference in the formation of insolunlss.

The next series of tests shown on Table 89 attempt to show

what, if any, are the effects of molecular weight on the sludge forming

tendencies of the raffinate and extract fractions. The overall proper-
ties of exract and raffinate fractions from extractions 236 and 237
are shown on Table 87. Approxitately one liter portions of each of
the four products were simple distilled to yield the fractions indicated
on Table 89. Following removal of the product from the extractor, all
of these products were inhibited with 20 parts per million of U.O.P.
Inhibitor No. 5, except a one gallon portion of the raffinate from
ext-raction 237. The charge for tbi simple distilletion of the raffinate
from run 237 was taken from the gallon of uninhibited material. U.O.i.
inhiblitor No. 5 is a volatile inhibitor and, therefore, would be carried
along with the distilled product. This is indicated by the time required
to achieve the desired degree of oxidation with some of the fractions
from these simple distillations.

Little significance car be attached to the relative rates of
coxidatien n-ted in. the various fractions of the products from runs 236
and 237 because of the lack uf specific information on the inhibitor
distribution in the distilled fractinon-. S=e gener-al trends have been
noted from the dirtiness studies of these fractions. In terms of total
gum, the raffinate appears to be cleaner tha- the extract, nd the low
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boiling mate.aias of all of the proaucts send to be clean=r than the

higher boiling material of the same Products. The ratio of insoluble
tý total gum is higher fcr the reffinates than the extracts.

This trend of increased dirtircss is more -r.rnounced in the higher
bMalirg fracticno of the rTfht~ates. here. is o;mc cvidenae u. indi-
cae that the 'mount of dirtiness is prime riet dependent on the amount
of oxygen assimilated, ano practicaliy iniependent of the rate of oxida-
tioi or the preserne or absence of U.O.P. lirubitor No. 5 in the standard
oxidetion testse

A series of simple vacuin dist11•lations nave been run on about3 •lcn porti--, of the raftinate and extract fr..tt o of cxtr1cor
236 and 23. These distillations were conducted to remove the

existent gum and any insolubles present in the extractor products. The
entire product fron about 5 to 95 voludne per cent distilled was blended
as a single fraction for subsequent oxidation studies. In addition to
these products, the raffinate from extractor run 237 has been vacuum
fractiorated in similar fashion to yield about 3 fractions between 5
and 95 volm.,e per cent distilled. These seven products have been dis-
cussed previously in this se ,ion and are sho-.n on Figure 32. All
of these fractions, followir, he distillation, have been inhibited

"" wish 20 Darts per million concentration of U.O.P. No. 5 gasoline inhibitor.
These inhibited fractions have been evaluated in the oxidation te~t as
shon, on Table -9. These tests are essentially a check on the tests•-correczed with the prel •iar fractions discussed above. Tt is

interesting to note that there are. still large differences in the rate
Fof oxidation of these fraction- n the p.esence of 20 p.p.m. of i.u.r.

Inhiito ho...5. zcntregaathe correspcndir~g fractions from the small scale prel-iminar~y distilla-
tions.

It is in~teresziv to note that the extract is more stable than
the ecrresponding raffinate and that the products from run 236 are morp
stable than the corresponding products frem run 237. This is the
expected trend since successive solvent treatment would be expected
to remove preferentially the more polar compoimc which in turn are
generally associated more closely with the class of compounds that act
as inhibitors. The total amount of gum formed per unit of oxygen
absorbed increases with decreasing rate of oxidation. That is, the
more polar fractions form more total gum than the less polar raffinates.
The fractions of the raffinate from extractor run 237 show an increasing

-- rate of gu= formation witn aecreasing oxidation rate as the molecular
wei-ht or boiling range of the fraction increases. The stability orSvery slow rate of oxidation of fraction 3 from raffinate 237 stands out
r by jc--paM-ion uith the overall raffinate from run 237 and the general
stability trend discussed above. This phenomenon of total gum formation
and oxidation rate would be expected from analogy with extraction ex-
pernence in the lure otl field. The item of dirtiness or insoluble gin,
how-err, does not follow the trends of total gum and oxidation stability
in the same manner. In general, the relative portion of the total gum
that is insolutle guo increases With decreasing total gi formation.
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One of the accepted fixes for reducin_ filter and nozzle
plugging in domestic oil burner systems is the use of a dispersant or
detergent in the fuel oil. This same approach has been discussed by
Shell, Da Pont and others for jet fuels. !wo typical dispersants hwae
beer, added to tsIped JP-4 referee fuel and the resultant blend evaluated
in the thin finm fuel oxidation test. Tncse data are shown on Iaile 89.
-Du Pont Additive N-. 2 is believed to be a polymeric material cf the type
-desc-ib-,d by Biswell, C. B., Cathin.,, W. B., Fo.r.ming, J. F., and
Robbins, C. B., in Chemical and Eng'neering News, page 14.47, Voil. 32,
No. 15 (l'514). The synthetic barium sulfonate additive has been obtained
from the t-i.g Orpanie Chemicals Cmpany. The use of these dispersants
resuls !-an incrt;•- in total cr4 insoluble gum formatit,. Tae:ý iL r.o
good m--nod for deter. mning the beneficial effects of a dispersant using
Cue, •-c. oxi.atton procedures described here. Thus, these dispersants
will reqaire tes-ng In a fluid -circulating test through a filter to
determine any beneficial e-ffects.

A sample of topped JP- referee fuel has been given a sevre
silica gel treatent to remove essentially all of the aromatics, olefins,
and sulfur compounds. The prode. removed from the silica gel tower
represents the first 50 per cent the fuel to be pushed through the gel.
he si-icz. gel to flui4d ratio wycight in tthis separation is 10:1.

The reuits of a standard oxidation test with this sample are in Table 89."The tota1 g=- format ion is substantially reduced from that of the original

topped JP-4 referee fuel in a comparable Lest. The amount of the total
gum made up by insolubles is again, as in the case of the raffinate
fractions, relatively high.

A series of thin film pumping type oxidation tests have been
conducted with the topped JP-4 referee fuel. This pumping test has been
run under mild and severe conditions using three different proceoures.
In one case, the pump dischar•ge is allowed to fall through the vapor
space back into the reservoir. In another, the p=p discharge flows
over a 1500 eq. c=. surface area of 3 =m. diameter glass beads. In a
third case, the pump discharge flows over a 2000 sq. cm. area of No. 20
steel jack chain, arA in a fourth case, the pump discharge flows over a
2003 sq. cm. area of copper jack chain.

tr -er tie mild conditiors, these tests show that the large
majority of total gum is soluble gum. These same trends were apparent
in the mild tests conducted by the standard procedure with the topped
JP-4 referee fuel. The amount of total g-= per unit oxygen absorbed,
and the ratio of insoluble material to soluble gum, are essentially the
same for severe tests conducted in accordance with the standard ar4
thin film tests. The most striking difference between the standard and
thin film tests with topped JP-4 referee fuel is the time necessary to
reach a given degree of oxidation. The pumping tests are more severe than

the standard test. Of the pumping tests, the one containing the copper
i Jack c•airn is by far the most severe in terms of oxidation rate. Both
* copper and steel jack chain cause a significant increase in oxidation

rate over similar tests without the metal catalyst.
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Thin film tests, in t'.bc presence of steel jack chain, are
shown for the feed, extract, and raffinate from extraut!on 231. These
tests show the same general trends as the standard tests. There is no
:arge charge iz. the a-•--.nt 3f t-ctr. gum formed p.er unit of oxygen absorbed
in these thin film tests as compared with standard tests on the sane stocks.
the percentage of the total- g= that 13 measured as insolubles is larger
foi the raffinate than :or the extract in the thin film test.

Thin fibs tests using. co;pcr jack chain and no metal catalyst
with kopped JP-4 referee fuel are shown on Table 89. The test con-

•... without a large catalyst area sho%s a sharp drop in rate of
oxieaccin. Iia c.otal gvi and insoluble gum values rc-on about. tne
same on the basis of the total oxygen absorbed, as for the thin film
test containing the steel jack chain. The presence of copper jack chain
in the thin film test with topped dl'-) effects a large rate increase in
the oxidation. Very little insoluble g= .as noted in this test in
contrast to that n.,nslly encountered in the thin film tests contairing
steel jack chain.

4. Dirtiness Char "teristics of lish Paraffin J.P-. Fuel.
5-gallon te ampll of a bi g- -praffinic JP-4 jet fuel has been obteained

- from the Phillips Petroleum Company. This material has been evalluated with
and without anti-a•-zdnt ir the standard and th+in film test procedures

IT ,7as shown on Table 90. ±he anti-oxidant used is 100 p.p.m. Paranox 4•1.
.L This high paraffin JP-4 snows a very low rate of total gum formation in

the t•areard test. it should bh noted that despite the low value for
--i total gum, approximately one third of this iula

1 Ca is inslule gum.
The thin film tests with the &,,h paraffin JP-4 give a high value of
total gum and insoluble gu-. it should be noted that the JP-4 referee
fuel gives essentially the same .est results in the thin film and
standard tests in terms of total gum per unit of oxygen absorbed.

Paraffinic hydrocarbons give a sharp rise in total gum and insoluble
gum for the thin film test compared with the standard test. The high
paraffin JP-4 shows a close reseblaince to pure paraffinic hydrocarbons
in the behavior toward the thin film and standard oxidation tests. The
use of 100 p.p.m. of Paranox ý4-1 has no appreciable effect on the stable
life of the high paraffin JP-4 under Ither the standard cr thin film

._ conditions at 250-F. The apparent discrepancy in oxidation time in the
thin film test results from the formation of gaseous products during tIe
oxidation. That is, during the thin film test the pressure fell from 50
to 28 p.s.i. in 4.2 hours but did not fall appreciably below 28 p.s.i.
for 172 hours total test tine. The residual gas has been analr-zed anxd
found to contain no oxygen. Thus the subsequent thin film oxidation test! w as termiated after 4.2 hours.

5. Dirtiness Studies with OCtrcn.gt=. ,d Materials., It has been
noted in the study of jet fuel dirtiness that the materials snowing the

highest portion of insoluble gum generally exhibit the poorest solvency
hiaracteristpcs it oaf further seen indicated that the insoluble g9=
is an oxidation product and as such should contain oxygenated groups.
A preliminary study has been conducted on the gum forming tendencies
of various oxygenated materials. The results of these gin tests are
shown on Table 91. 1he oxygenated materiale testud include n-hexyl ether,
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octanone-2, capryi alcohol, n-decenol, and isoamyl acetate. These materials

have been evalucted in the standard test. None of the oxygcnated materials
____ prod.ced i-ns-o.uole gum under those test conditions. The isoamyi acetate

S za... aý, = -_y- slow rate cf oxidation in this test. The decano! gives
about tee same quanTity ol &,-luble gum per unit of oxygen absorbed as the
total gu• produced by tt1 JP-a referee fuel. The other oxygenated materials
evaluated give very lcw gum values per unit of oxygen absorbed.

6. Effect of 0xvzenated Comnounds on JP-a Dirtiness Character-
--.olu .a .- atio in the aliepit ox.!egnated

material.. .Valuated ••,•jc•LS good solvency for oxidatir. prodasts. Blends
of varLous oxygenatcd co-pounds and ex-tractor run 237 raffinate fraction
were preparea and evaluated in the stabndard oxidasion test. raffinate
237 from JP-4 referee fuel has been discussed previously. This fraction
represents a concentration of the more paraffinic fractions with theremoval of tne more polar compou-nds (ar-.=atics, oxygenated materials,S~~sz.!D'r-centain--n.- compounds, etc. ) by two successive liquid extractions

with liquid ammonia-methylanine. 'he gum formation for raffinate 237
mfraction is shown on Table 91 as - .asi uf comparison for the blends
with oxygerate 27terialsc it 25 e r seen that rafflnate 237 fractyln
produces a very hin h insoluble gm - value st mpanrr d with the t.t raf gf-value. 5-s-&.dard oxidation test results for blends of oxygenated
materials in raffinate 237 fraction are shown in. Table 91. Blenlds

efraffinate 237 fraction with 25 weight per c entdeaior isoanyl
acetate give no in-ýluble g=-- in the standard ocxidation test. A raffi-
rate 237 fraction blend containing a weight per cent 2-ot.anone gives a
relatively small amount of insoluble gum in the standard test as compared
-o the raffinate 237 fraction alone.

In. all cases idiere the oxygerated material is present in tne
blend, the rate of oxidation is considerably higher and/or the -.nduc-
tion period is much shor.er thin for either the raffinate 237 fraction
or the various oxygenated materials alone. The amunt of sludge formed
per unit oxygen absorbed appears to be influenced by the presence of
the oxygenated material. Decanol and raffinate 237 fraction I duce
about the same quantity of gum per unit of oxygen absorbed when tested
separately or in blends. The 2-octanone and isoamyl acetate form very
little gum per unit of oxygen absorbed. Blends of raffinate 237
fraction with 2-octanone and isoamyl acetate produce less total gunr than.
does the raffinate 237 fraction alrne. This may be indicative of oxida-
tion of the oxygenated material in the blend even though little or no
oxidation of the oxygenated matorial alone "-.-ud have taien place under
si-ilar test conditions.

Previous data have snowu that JP-4 referee fuel and a high
paraffin JP-4 show very little inhibitor effect with Paranox 441 or
U.O.P. Inhibitor No. 5 in the 250"k. test procedures used in this study.
This inhibitor study has been extendcd to include the blend of 25 %eight
per ce.at isownyl acetate in raffinate 237 fraction. Concentrations of
inhibitor of XC and 100 p.p.m. have been used. The results are sho-wn
in Tabl, 91. T7ere is essentiaily no additional benefit from 100 p.p.m.
of •-hibtitor over the initial 20 p.p.m concentration. The presence of
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20 p.p.m. Paranox 411 extends the time required to absorb a given amount
of oxygen ty a factor of 2, while an rq. ., ... ,ntzationof "U.O.P.

Nz. 5 extends the tJ-e by a factor ot 3 The inhibited blend
stEill oxidizes in a fractLon of Lhe time required for eitner component.
A.71 itio - itcrs to the blend results in all cases in the for-

.as ion of a small quantlty of insoluble en.

The gun teats &~r bitmr's of :soamyll acetate and raff~inate 237
fraction discuz~ca - 'as far are for blends containing 25 weight per cent
ro.'c--l acetate. Additional tests have been conducted in which the

concu. tration )f i.uaayl acetate has been r-duced t- - 3-4 15 weight
per cent. Thc i:.cremental reduction in isoamWl acetate concentrationS~causes a redi-,t•ion in oxidation rate, an incr-ease in the amount of total

gum per unit of oxygen absorbed, and an increase in the amount of insolubleSca~~use aormed.r son inrm ox idatoluaeb n n-aeinteaonto oa
._gu frmed. In terms of insoluble gum formation the beneficial effects
of 15 weight per cent isoamy! acetate are still apparent.

7. Potential Gum Studies with Pure Hydrocarbons. A number of
"- pure hydrocarbons, representýig the varooc classes of hydrocarbons, have

- been evaluated in the standa and thin film oxidation procedures for gun
Sand dirtiness. It was indicatti in the section on existent gum that thc

pure hydrocarbor; in this molecular weight range have no existent gum.
An-7 exdstent gum measured ca-n be attributed to oxidative deterioration
accompanied --y polymerization or condensation reactions occurring during
storage. This gun can be removed from the hydrocarbon by a simple dis-
tillation. The hydrocarbons studied are within the boiling range of JP-4
referee fuel. The hydrocarbon lasses included in this study are paraffins,

olefins, aromatics, condensed ring aromatics, and condensed ring compounds
containing both aromatic and napzhhenic rings.

These studies with the pure hydrocarbons show some interesting
trends. In the standard oxidation test, no insoluble material was formed
durirng the test with any of the pure hydrocarbons, with the exception
Sof one hydrindene test. 1r. this case, bohever, the hydrindene, as
indicated, had a very high gin number from storage deterioxaton, aad,
in addition, contained a substantial quantity of impurity in the form
of a nitrogen-containing conpound. This nitrogen-containing impurity
and the oxidation products were removc by silica gel adsorption. The
purified sample of hydrindene no longer shows the trace of insoluble
material after the standard oxidation test.

The quantity of soluble gum formed in the standard oxidation
test is very much smaller for a given amount of oxygen assimilated w.i.h
the examples of pure hydrocarbons representing paraffins, olefins,
naphthenes, arcmatics, and canoensed ring aroatics tnan with the topped
JP-4 referee fuel. The only pure hydrocarbons which approach or exceed
the JP-4 referee fuel in gui formation in the standard test are the con-
densed ring compounds containing a naphthenic and aromatic ring in the
same molecule. The=e materials are tetralin and hydrindene. The
structures indicating the arezzatic and naptthenic rings are shown in
the following illustration.
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The tines listed for The various oxidation tests are indicative
of the relative oxidation stabilities of the hydrocarbon types. The
rate of oxidation of methyl naphthalene is very slow. Thus, oxidation -|
tests with methyl naphthalene have not been carried to the same degree
of oxidation as with the other hydrocarbons.

It is apparent that the -tandard oxidation tests with the
individual pure hydrocarbons show - n Table 92 do not predict the
dirtiness or gum forming tendencies af the JP-4 referee fuel.

The Ji-4 referee fuel contains sass non-hydroca-bon impurities
soon as sulfur-containing compounds. Table 87 indicates that the over-

all concentration of sulfur in the JP-4 referee fuel is 0.29 weight per
cent. Nitrogen impurities and others are .3iso potontially present in
hydrocarbon fractions in the JP-4 rt ree fuel range.

A mixture of pure hydrocarb'ons has been prepared to contain
about the same overall psrcentage of pure hydrocarbons as are represented
by the three or four hydrocarbon classes in the JP-4 fuel. These blends
are shown on Table 92. rhe primary difference between blends I and
II is the replacement of 10 weight per cent of the diethyi benzene of
blend I with 10 deight per cent tetralin in blend UI. Both synthetic
hydrocarbon Doends show the formation of a -mall amount of insolubles _
in the standard oxidation test. Blend I1, as might be predicted Irom the
presence of the 10 weight per cent of tetralin, shows an increase in
the fo•nation of insolubles and total gum over blend I. The total -
dirtiness of the synthetic blends I and Ii -.s only a Small fraction of
that encountered with topped JP-4 referee fuel and the best fractions
separated from JP-4 referee fuel by distillation, extraction, and silica
gel treatment.

On( weight per cent of various non-hydrocarbons representing
types encountered in petrolei- have been added to synthetic blend i.
These compounds include dibenzyl disulfide, methylbutyl sulfide, thio-
phene, and methyl quinoline. In general, the sulfides, thiophenes, and
nitrogen compounds found as impurities in petrole= are more complicated _
in structure than those used in this study. The methyl quinoline does
not change the gumzming tendencie- noted with blend I. the thiophene
causes only a slight increase in dirtiness in blend I. The use of
ditenzyl disulfide causes a large increase ii insolubles and total gxv.
in blend 1. The blend containing dibenzyl disulfide causes more total
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* •ur, to be formed p.er unit oxygun absorbed thar, Lhe topped JP-4 referee
fuel aii a zimilar oxidation test. The dibenzyl disulfide acts as a
fairly effective oxidation inhinitor for blend I. Blend I containing
iei weight per cent mcthylbutyl sulfide shows the same general trends
as the blend containing dibenzyl disulfide. The methylbutyl sulfide
'is a marked 1,itiblLor effect on the oxidation causing a much lower
o),.ition rate than uritn blend I alone. The increased resistance to
oxadation of blerd I of pure hydrocarbonn in the presence of an alkyl
sulfide was accompanied by an increase in' insoluble gum formation on
oy.:cation to t same amount of oxygen assimilated. An additional test
a.s. bccn r.:n o., blend I containing 1.0 weight per cent met .biY.&y&. s-ul
fide. This ieco=id test has been run for the same time as the test on
blend I alone. Under these conditions, it can be seen t&t blend I
containing l.C weight per cent metfylbutyl sulfide absorbs only about
10 per cent of the oxygcn and forms 35 per cent of the gum formed by

blend I alone. Both 4.3 hour tests form only soluble gum. In other
words, the presence of the methylbutyl sulfide appears to be advantageous
on the basis of these compprisons.

Some thin film tel.s have been conducted wit)' pure hydrocarbons.The hydrocarbons evaluated in the Lhin film test include n-decane,3,I-dimethyl hexane, 2,2,4-trimethyl pentane, diamylene, tetralin, and

T methyl naphthalene. The thin film test, in all cases except tetralin,
results in an increase, over the standard test, in the total gum per
unit of oxygen assimilated. This increment, in these cases, is signifi-
cantly greater than any siml' r effect noted with the JP-4 referee fuel.
All- of the paraffins show an appreciable quantity of insolubles in the
thin film test. The amounts of insolubles found in the decane test,
for example, appreach those found in a similar test with topped JP-4

r7 referee fuel.

The two branched chain paraffins containing 8 carbon atoms
(2,2,4-trimethyl pentane and 3,4-dimethylhexane) snow the same trend
in the thin film test as n-decane. It is interesting to note that
2,2,4-trimethyl pentane (Tsooctane) is a more stable configuration to
oxidation in these tests than the other straight and branched chainf" paraffins tested. The 3,4-dimethyl hexane and 2, ,8-trimethyl nonane
were chosen for study because of their tendency to form insoluble
peroxides on storage in cork stoppered or screw cap glass bottles.
These materials do not appear to be appreciably different from the
nther paraffins evaluated in the standard and thin film tests.

The thin film test with diamylenes does not produce insoltbles.
Thus, it would appear that the presence of a double bond results in
significant behavior differences in the formation of gum and insolubles
in this type of oxidation test. It may bw that, in these relatively
n'ild oxidation tests, the oxygen attack on the olefin is concentrated
at the double bond, while in the case of decane the initial proý'ucts of
oxidation are more vulnerable to further attack than the uecane, resulting
in more complex oxidation products. That .is, in the case of decane,
additional oxygen attacks oxy-compounds, while with the olefin, the
additional oxygen goes to the olefin.
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n-Decane ha3 been evaluateo in various modifications of the
thin film test procedure tu dotermine the effect on insoluble gim for-
mation. The steel Jack chain was removed and copper Jack chain sub-
stituted in a thin film test. in general, the copper results in a
opeoding up of the oxidation proces3s with an overall reduction in both

insoluble and soluble gum an compared with the steel Jack chain. In a
lhird . hin f ilm teAL with k-decana, glass beads were subxtituted for the

motel Ja.ck chain. The oxidation rate in this teai, was slower than for
the tc.stg entai-ning metals and much less Lot6a gum was formed with
essentially no insoluble gum formation. A standard test was modified
to cont. et, the vame amount of steel jack chain as the thin film test.
The stc 1 jack cha•'4 in this case was plavcd 4. the oil w,_ there was rn
pumping. This modifi't 1 staidard test gave essentially the same amount of
insoluble and soluble gum as the thin film test containing the steel
Jack chain. On the basis of this study it hs been concluded that, in
the case of the pure hydrocarbon, the effect of the metal catalyst was
the predominant cause of variation in total •um formation and oxidation
rate. The effect of pumping per se in the thin film test is a secondary
effect,.

E. DESIGN AND CONSTRL. FQE OF THE HIGH TEGPERATUR DIRTTS-
TEST UNIT. A schematic flow diagram of the high temperature dirtiness
test unit is shown on Figure 38. The unit consists essentially of a
pump, a fluidized bed heat exchanger, a filter holder, a pressure load-
ing device and a reservoir. The piping between parts of the 6unit is
primarily 3/16 inch .tainless steel tubing. The total liquid holdup
of the system is 150 milliliters. The unit is designed for both
recycling and one pass tests.

A Zenith metering pump, size 1B, driven by a Vickers variable
speed hydraUlic transmission is used to circulate and to bring the fluid
up to system pressure. This pump delivers 0.584 milliliter per revolution
when the pressure load is 0 p.s.i. When pumping against a pressure of
250 p.s.i.g. from 0 p.s.i.g. using the JP-4 referee fuel at r6om tempera-
ture as the test fluid, the p.mp delivers about 0.35 milliliter per
revolution. The slip of this pump will vary with the viscosity of the
fluid and the pressure load.

The heat exchanger used to bring the test fluid' up to test
temperature utilizes a bed of fluidized solids. The test fluid is
pumped through six feet of 3/16 inch i.d. stainless steel tubing wound
in the form of a helix with a 2-1/4 inch i.d. and a pitch of 5/8 inch
per turn which is •muersed in a fluidized solids bed. The housing for
the fluidized bed Is 5 by 4 by 15 inches and is filled toe aheight of
approximately 10 inches with fused alumina of 100 to 150 micron size.
Four 350 watt heaters are clamped directly to the outer shell -and are
controlled by variable heat switches and variacs. The bottom of the
fluidized solids section consists of a porous brass plate to-distribute
the fluidizing air. The exhaust air from the fluidized' section passas
through a cyclone precipitator to remove any entrained particles. The
heat exchanger is insulated with 1 inch thick laminated asbestos paper.
Tests indicate that there is essentially constant temperature throughout
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Tible CC

r."ISTE•R 1(UM STUDIES ON JP-4 REFEREE FUEL

lium determinations ha-oe been conducted in accordance with the air 3et pro-
cidure of AS1,0 Test Method D381-527. In accordance with this procedure a
50 Mlj spmrja nf test fluid is evaporated at a test temperature of 311 *
90r. b, h an air tream of 1000 ± 150 ml. per sec. at the test temperature.
The Lest is continued for a period of 15 minutes after dryness is rPached.

Test Fluldil) Preliminary Treatment ./ lO0 ml.

"ropped" JP-4 referee fuel None 10

"Torped" JP-4 referee fuel Feed taken Ifrom extractor(2) 43

"Topped" JP-4 referee fuel Treated with liquid NH3 in
glass(3) 17

"Topped" JP-4 referee fuel Washed with 5% NaOH Caqueous) 20

"Topped" JP-4 referee fuel Simple distilled 2.4

" ."Topped" JP-4 referee fc! 10:1 wight ratio oil to el
"silica gel percolation(41 1.8

"Topped" JP-4 referee fuel 1011 weight ratio oil to gel
silica gel batch contact,(5) 2.4

"Topped" JP-4 referee fuel 30:1 weight ratio oil to gel
silica gel batch contact(5) 3.6

(1) JP-4 referee -fuel topoed in fractionating column (75 theoretical
plates) to remove material boiling below 200 0F. Th1i low boiling
material comprises approximately 15 volume per cent of the JP-4
referee fuel.

(2) This sample was removed from the feed tank of the extractor during
run 231. The feed had been contacted with ammonia-amine solvent
for about 40 hours prior to the sampling.

(3) This sample was shaken with an equal part by weight of ammonia-
amtne solvent. for one hour in a glass pressure flask.

(4) This sample was percolated through a 0.39" i.d. column packed with
28-200 mesh silica gel for a height of 21". The sarple used
represents about 90% of the "topped" JP-4 fuel. The other 10%
remained adsorbed on the gel.

(5) This sample was shaken with the silica gel for 1/2 hour and then
filtered.
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the :'au"lz -zed b-d. This fluidized solids bed is of the same general con.-
stA.ution, but =aller in capacity, as the heater lox the nagn tempera-
ture Ikdraulic y•ump system deser.-ned in neetion I of this report,.

.he filter holder consists essentially of a high pressure 3/1-

inch steel pipe union fitted on both ends with 1-3/8 inch steel bar stock
-=.d a hc0lLr4 nut machined to screw into the inside of the male part of
tse "irio, A simplified cress section is shown on Figare 39. The
filter 6L% .±nd its £.zket is held b'tween the holding nut %nd the squared
shoulder c. the bar s.tock in the male part of -as unron. A 7/16 inch
diamet-, hC e is drifled through the two pieces of bar stock and the
holding nut to give a filter area equal to one sauars centimeter. The
pressure taps on each side of the filter disc are connected by 1/8 inch
o.d. stainless steel tubing to two calibrated pressure gauges. Two
"thermocouples, protected by stainless steel kypode---ic tubing, are fitted
To the holder to measure the temperature of the test fluid before and
after passing through the filter disc.

The filter holder is equipped with a heating Jacket. This
Jacket consists of a 9-1/2 inch length of 3 inch o.d. Shelby tubinr
saoted to fit over the filter holder. -. o pieces of 1/2 inch o.d.
steel tubing act as holders for two 150 i-att heaters wired in parallel
ard controlled by a variac. This equipment is designed to keep the
test fluid at test temperature as it passes through the filter. The
3/16 inch o.d. stainless steel line "rut the fluidizeu bed heat
exchanger is insulated with asbestos cloth to minimize the heat loss.

The hot test fluid is cooled by water zin a counterourr•ont heat
exchanger before it enters the pressure loading capillary,. The heat
exchanger consists of eight feet of 3/16 inch o.d. stainless steel
tubing inside a similar length of 1/2 o.d. copper tubing.

The pressure loading device consists of a 5-1/2 inch length
of 0.008 1.d. stainless steel capillary tubing supported in a !/8 inch
pipe 5-1/2 inches long. The exit of the pressure loading device is
teed and fitted with two stainless steel needle valves. One line
goes to thu 1e-a rese.-voir and the other line is used as a sampler.
By proper setting of the valve, the circulation rate of the tent fl,",id
ray b! measured.

F. PFZCEDIRE FOR HIGH TEDPMRATU-E DIRT-1ISS TEST. The unit
is washed uftb benzene. dismantled, and air dried after eath run. The
high temp•ratuze dirtinass tnst p-mcodur- ;str of cir-cul!ating a 250)
milliliter charge of test fluid through a 5 micron stainless steel porous
plate filter at room temperature to remove any suspended material in the
test fluid. The 5 micron filter disc is then removed and the test filter
is •auntd in its place. The tust fluid is circulated at room temperature
at a rate of about 2D to 25 milliliters per minute under approxi=ately
250 p.s.i.g. pressure for one hour. The pressure drop across the filter
at the end of this time is taken as the staiting pressure drop for this
test.
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The heat i5 turned on the fluidized bed heat exchanger, and
the fluid is brought to test temperature as rapidly as possible. Durig
the heating..-...-.•. 1-e-....y.5 hours) the fluid is continually

recycled. The beat is stopped when. either the pressure drop across the
test filter exceeds 100 p.s.a. or the test fluid is recycled through
the filter at test temperature for one hour. The pressure drop at the
eTa? of the test is en indication of the high temperature dirtiness of
the test flui"d.

* T 1. Preliminary Test Results. The results sf high temperatureI ._ d.a+'
5

.ess tesar- -., the filter vest unit are aitcn in ?ble 01 A i-otal
of 23 runs were r de. Some runs were discarded, primarily because of
operational difficulties.

The pressure drop across the filter is indicative of the dirti-
ness of the test fluid. It is believed that this is not a linear function
of the amount of insolubles. At the flow rates used, 10 p.s.i. pressure
drop indicates essentially a plugged filter. Present knowledge of filtra-
tion suggests that there is no simple relationship between plugging of
"filters and amounts of insolubles, since particle size plays ax, important
part in closing off pore openings in a filter. Past experience shows
that, for equal quantities, insoluble materials with particle sizes

- ,.approximately equal to the mean pore openings of a filter disc will

cause much higher pressure drops than insolubles with fairly large
particle sizes. It is also known that filters will remove much smallerI particle sizes than the mean pore opening.

.- *'The cata on Table 93 can he taken as indicative of general
"trends. The extraction products evaluated all appear to cause more

-•severe filter clogging than the starting material for the extraction
i L (topped JP-4 referee fuel). This is consistent with the sharp increase

in edistent gum for the extractor products over the topped JP-4 referee
fuel as shown on 7able 88. The high paraffin JP-4, topped JP-4 refereeSfuel, and the original JP-4 referee fuel a" show some increase i-on
pressure drop across the filter under these test conditions, high

I[ I paraffin JP-4 is generally considered to be a clean fuel and JP-4
t T referee f-el a relatively dirty fuel in the various oxidation tests.

1h..s tr"c.d is not as pronounced in these filter tests.

i -t The last three tests on Table 93 show the results of an
oxygenated solvent (isoamjl acetate) on raffinate 237 fraction. This
blend exhibits excellent cleanliness in the severe oxidation tests.
it has been suggested that the improved cleanliness of this blend over
t the raflinate 237 frction may be due in part to tho solvent powers
of the isoacyl acetate. it is evident frvn an evaluation of tne fil-

tration unit after toe tests with the raffIrnate 23? fraction containing
25 heignt per cent isoamyl acetate, that the i.Mpreved solvent powers of
the blend have cleaned deposits from previvus tests frro the walls of
the neat exchanger, filter case, and cooler. This cleaning effect of

ITthe b-r cntrýiiuted s.bstantially to the filter plughgig rated in tests
2 9, 21 5nd 23.
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This last series of tests points up some of the problems

ihrt with s recyclizg tc"t fe-'c^=- the curren- design. Using
3/16 inch stainless qteel tubing for the heater and cooler makes adequate
cleani:ng between tests npoissble. Ir. recycling tests, not only the
system ahead of the filter bWt the entire system must be adequately
cleaned between tests. The test system is currently being revised to
mini-ize some of the prooiems encountered in these preliminary tests.

4- CONCLUSIONS. The problem of preventing gum formation in
jet, ±rr4:,eýr-, *-ar o a. - ,plc soluattcn wh..,.i ~'mnobotained
by minor -hanges in re- Aning processes. The various hydrocarbor classes
in JP-4 referee fuel have been successfully concentrated by means of
liquid extraction witb an a=monia-amine solvent. The products of this
liouid extraction, as well as other products of JP-4 referee fuel sepa-
rated by silica gel adsorption and distillation, show major changes in
composition over the original JP-4 referee fuel, but only minor differ-
ences in potential dirtiness end gmn fonming tendencies.

In general, the total g,. formation appears to be a linear
function of the oxygen assimilated for the JP-4 fuel and JP-4 fuel frac-
tions in the standard oxidation test. The dirtiness or insolubles formed
exhibit a typical induction period phenomenon. That is, the insolubles
do noet form until after some zxidaion has occu-red. From this point on,
hswever, the formation of insolubles appears to be essentially linear with
further oxidation.

In the standard oxidation tests, the formation of total gum is
generally very much lower for the varlous pure hydrocarbons tested than
for any of the fractions separated from th,- JP-I4 referee fuel. Con-
densed ring compounds containing both aroratic and Aapltheric rings show
by far the most gum forming tendencies among the pure hydrocarbons tested.
Sia•le mixtures of pure hydrocarbons, blended to give roughly the same
ratios of the various classes of hydrocarbons found in JP-4 fuel, give
only a fracti-on of the dirtiness and gum formation of the JP-4 fuel after
oxidation tests of equal severity. The addition of about one weight per
ccnt of a sulfide or dilulfide to the blend of pure hydrocarbons tends
to increase the insoluble and gum forming tendencies of the blend under
oxidation. The presence of these sulfur compounds slows down the rate
of oxidation, however.

It has been noted that fractions of J.P-4 referee fuel from
which substantial portions of the aromatic and olefin hydrocatibons have
been removed ahow an appreciable increase in insoluble formation upon
oxidation over that of the fractions of the JP-4 referee fuel in which
the aromatic portion is concentrated.

Existent gin and/or insolubles appear to be relatively complex
oxidation and condensation products of the original hydrocarbon. kistent
gum can ce removed from ;P-,: referee fuel and all of the ether hydrocarbons
tested by distillation. Silica Ze1 adsorption is also tffective in
removing, or lowering the gum content of hVdrocarbon mixtures. A=monia-
amine extraction of JF-4 referee fuel was not effective in reducing existent
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!1.igure 39

FILTER HOLDER FOR HIGH T'rPIXATURE JET FUEL
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gum. This may be due in part to a chemical 4ction of the ammonia-amine
solvent on the JP-4 referee fuel.

has been evaluated in standard oxidation tests. The oxidation character-
istics of this fuel ret emble those of paraffin hydrocarbons. That is,
litt3e &eouble gum and .ao insoluble gum is formed in the standard oxida-
tion test iith the high uaraffin JP-4..

The purt kjdt - "tens and JP-4 fuels have also been evaluated
in a thin film type tee" invoZ.ing .:ie use of lar.o metal catalytic |
surfaces. The Petals tsecd as cataly7e are steel and copper. The use -

of large catalytic surfaces appears to Lave little effect on the for-
mation of overall gu= or insolubles with JP-4 referee fuel and its frac-
tions. The rate of oxygen assimilation is increased, however. The
paraffin hydrocarbons and high paraffin JP-4 which produce no insoluble
gum in the standard oxidation test pro-duce l-arge quan•tities of insoluble

gum in the thin film test with steel catalyst. Additional studies show 3
that the presence of the metal catalyst area is the most important factor E
in the gum formation. Copper as well as steel shows a marked catalytic
effect on the thin film oxidation test. Copper, in general, tends to .1
increase the oxidation rate and in some cases may lower gum formation as -

copared to a seel. - U -
None of the simple oxygenated materials evaluated in the

standard oxidation test produced insoluble gum. The addition of oxygenated
materials to a "dirty" fuel (raffinate 237 fracti- of JP-4 referee fuel)
does, in all cases, substantially reduce the dirtiness formed per unit of,

oxygen absorbed. Mdxtures of oxygenated materials zad raffinane 237 frac-tion give, in all cases, a higher rate of oxidation or less induction

period than either of the components tested alone. "1

Inhititor studies with Paraox 441 and U.O.P. Inhibitor No. 5
indicate that these materials are not particularly effective in the JP-4
fuels evaluated in the 25C*F. oxdation tests. In all cases, U.O.P. ' I
Inhibitor No. 5 is more effective than Paranox 441 in the same test 1fluid. J

The pumping test rig for jet fuel dirtiness evaluation shows
general correlation with the relat-vely severe standard oxidation tests.
Some redesign of the pumping apparatus appears necessary to aid in system
cleaning between tests. 4

H. F;I .D WOR&. The test anit deslgzed to simulate the thermal
history of jet fuel flow from the tank throug4. the heat exchanger to the a
burner nozzle is now being modified to facilitate cleaning and to allow 4
for the observation of the deposits formed on the heat exchanger as well £

as measurement of the pressure buildup across a sintered metal filter.
This unit -ila be employed in the cooperative study of 10 jet fuels
sponsored by the Power Plant laboratory of the Wright Air Development
Cent er.
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An attempt will be made to develop a thin film type test in
which the deposits adhering to the metal catalyst can be better observed
and measured. The temperature of such a test will be increased to the
r&ngp of 300° to 4000F. The extent of oxidation will be limited by the
amoun;1 of oxygen or -ir charged to the test tube. The oxidation range
studied will be much less severe than those of the standard and thin film
tests diqcussed in this report. A mild thin film test of this type will
also ýýt ncluded in the' cooperative jet fuel testing program. The charge
for tht l .... iet fuel test unit discussed above is on the order of 2 to
5 gallons co npared wi.;- 5 to I0O -.1. for the thin film test unit. Tt i.-
apparent that this laL..ýr unit is *.:,re desirable for conducting tests on
materials of limited quantity, such ds pure hydrocarbons or trace com-
ponents separated from actual jet fuels.

The effectiveness of oxygenated compounds as solubilizers for
insoluble gum in JP-4 referee fuel will be evaluated further. The frac-
tions of JP-4 referee fuel which are described in this report will be used
as test fluids for the proposed test techniques.

I
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i 1V. l•lS5C A]E0U.b S STUDIES

A. DV.;5LOF-,Tf LND EVALUATION OF THIN FILM RUST PRT.'r'TIV3
SC POSITIONS. This laboratory lo onducting research and development work
on a ti'in fllm rust preventive and prese.vative oil which is designed to be
ccmpatiic with both mineral oil and synthetic hydraulic fluids. This work
is beirng conducted for the Navy Bureau of Ordnance under Supplesental

Agreement No. S4(53-1095) of Contract AF33(03S)1013,. A progress report
on this de relopmenL work covering the period of October 1953 through
January i x; has been issued as report PRL 7.l-Jan54 and is Included here
as ApperJit 3. it h1 believed tW. Lhesc data =ay have a•-lrcation in
some Ai, Lorcc problem . The mineral oil and tynthetlc fluids that tnal
thin proTective film is designod to oe compatible with include fluid types
such as Spec. MIL-0-5606, Y.L-L-6387, and XIL-L-7808 which are widely used
by the Air Force.

B. usD SAy.•iES Cw SmRC. iL-b-63 HYDRAULIC FLUID. This
Laboratory has received from the Wright Air Development Center, three
samples of ured Spec. HI-L-,&387 byaraulic fluid. it is indicated
that these fluids cere removed from Sundstrand co=aLant speed alternator
drives during a Technical Order Compliance overhaul. It is f=-ther
indicated that the brass and bronze parts of the drive showed some
brown, discoloration. It wan req.ested that these fluids be evaluated
with respect to fluid stability. The designations of these fluids arc
shown in fable 94.

S,.Le 94

HISTOR= OF UMSED-SPSC. KhW--6387 •iAbLTC FLUIA

Taken f-r= cgine
Design. Drive Serial No. Time, Hra.

PRL 3319 Unused Ccomercial Batch of Spec. MNC-L-6387 l--'id
FRL 3482-1 707
PRL 3482-2 747 465:00
PRL 3482-3 750 -

These samples we.e clear and free from sediment as they -(ere
received by this Laboratory The um-perties of the original fluid charged
to the alternator drives are not krnow to this laboratory. Comparative
properties have, therefore, been obtainel for a commerci batch of
Spec. VJI-L-6387 hydraulic fluid (-RI 3319) available at this laboratory.

The •isco-ity properties, neutralization number, and wear behavior
determined for these samples, alorg "with similar propertioe for PRI 3119,
are given in Table 95.
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Table 95

PROPERTIES OF USED SPEC. MIL-L-6387 HYDRJULIC FLUIDS

PRL PRL PRL PRL
Tesa Fluid 3319 3482-1 3482-2 3482-3

Cent'stoks Viscosity at 2100F. 4.57 3.80 4.20 3.68
1000F. 15.5 13.3 14.6 12;9

AST-i 3iope (210" to 1000F.) 0.580 0.634 0.608 0.643
Per '1ent Viscosiyj" Decrease at

1000F. - 14 6 17
Neut. No. (Mg. KOH/Gm. Oil) 0.5 0.2 0.4 0.5
Wear Characteristics

Average Wear Scar Diam., nm.
1 Kg. 0.35 0.36 0.43 0.43
10 Kg. 0.37 0.35 0.36 0.50
40 Kg. 0.78 0.56 0.91 0.84

Aside from the viscosity decrease and tho accompanying change in
ASTM elope, there does not appear to be any appreciable fluid deterioration.
A viscosity decrease due to shear of this magnitude would be expected with
a fluid of the Spec. MIL-L-6387 type. As indicated previously, these vis-
cosity changes are only approximate in that they are based on an unused
fluid available at this Labor "ory.

Stable life type oxidation and corrosion, tests have been carried
out on these samples as well as on PRL 3319. In these tests, the fluids
are subjected to the conditions of the 3476F. Spec. MIL-L-6387 procedure
except that the test time is extended to the point at which there is a
rapid increase in neutralization number with test time. Only one of the
used fluids (PRL 3482-1) shows a characteristic break in the plot of
neutralization number versus test time. PRL 3482-1 has an oxidation
stability of the same order of magnitlide as that, shown by a Spec. MIL-L-638'
fluid prepared at this Laboratory with distilled base stock (PRL 3039).

PRL 3482-2 and PRL 3482-3, along with tv;, ,u-:;e,• , (M'L 3319),
do not g.ve the characteristic break in the Wlot zf .. r• i, nL::•+;.
versus test time. Rather, these three fluids show a -,,ady increase in
neutralization num.ber with test time to a vai'r, of apj.roxl ateiy 11 a.
potassium hydroxide per gram of fluid after a test 1.ime of 30W hour:ý at
347"F.
37 These data indicate that the oxidati,,n stability of the three
used fluids is not appreciably changed from %nat shown. by typical 'nusect
fluids of the Spec. MIL-L-6387 type.

C. SHEAR STABILITY REFEMNCE PyOA.T'h. A 3&,iple of Aciznyoid
HFS-4 has been received from the Rohm and T(as- Company. This polymer
has been prepared for use in the formulatina of Spec. MIL-F-5602 shear
stability reference fluid. Spec. AiIkF-~,6C,2 hear stability reference

YJA"R 55-30Mt 34 -o235s
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fluid -,s used to control perm~anent viscosity decrease due to shear in -.he
procurement of Esec. 1111-C-5606 hydraulic fluid. This sample has been sub-
catted in accurdance with thxe Specification requirement that each- new lot
oi refurenue Vo.a=r be ap~proved by the Wright Air Development Center
before :T, can be accepted for use in Spec. MIUL-F-5602 shear stability
ref erenel fluid.

knexperimen~tal blend (PHI. :3492) containing Acry-loid IIFS-4
nas aenpr~prcdto meet th.. viscosity reouireme..ta of Spec. MIL-F-5602.

hav ber.coipaedd-ýelywith those obtained for bleri P~I 3060 con-

Pkomp Hycon mdl6--5

the eatr _ _ _ _ _ _ _ __em.) 10*F

System pre;saure 1,250 to 1300 p.s.i.

for ?RL 3060 containing Acryloid ILFS-3. On the basis of these data,

cooperative test program for evaluating the permanent viscosity loss due
to shear of two non-Het-.nian tes't oils. This Laboratory is cooperating
in this evaluation. The two AS-A refe-ence oils 10761 and 32081 have been
evaluated in the PRL Hycon. pump test stand and the results comperod with
those of ASM) oils 103 and 104 previously described 1:in renort P.R.L.-9-I.9
to the American Petrolect- Institute entitled THE PR~EPARATION~, PROPH-lT=ES
'1 VI1SCCSITY-SiMOR BMWPOR CF AS.P. TEST OILS NOS. 103 AN4D 104, dated
October 24., 1949. These results are also compared with similar Lasts for
Spec. Y1L-F-5602 shear stability ref ereoaz fluid and Spec. FIL-0-5606
mincral oil-base hydraulic fluid. The composition ara prcperties of the
t~~o ASTH reference fluids, as cupraied by the ASMh D-2 Lccuittee, are shown
o; :;,.ae 96.

ac.-- rrrmnn shear data for thle ASMh reference fluids
have been obained in .- ?7! itycon pump test stsund using6 an orifice
loading aevice. Figure 40 shows a cnmparltson of the permanent viscosity
decreasc as a function of time on shea- f-. -1 Ln ASMfl reference fluids
ard Spees. M1--66byenal~i'c 'tuid. Tnese shear tests were ~onducted
at a pressures of 1325 1.25 p.c.:'. for a duration of 5000 cycles through
the orifice. These data show tent Spec. HIL-0-5&.., hydraulic fluid is
about midway oetwz-cn the- two 1.57A reference flui, s in sererity and appears

WADC TR55-30 Pt 3-23



to belong to the same family of curves for permanent shear vercuo oil
cycles through the shearing device. Data have bee.n obtained for the
two ASTM reference oils at a pressure drop of 3025 1- 50 p.s.i, for a
test duration of 5000 cycles. These tests indicate that ASTM oil 10761
ahows leas permanent viscosity decrease due to shear than does ASTM oil
11081.

Figures 40 and 41 show the permanent viscosity decrease as a
function of oil cycles through the orifice at two pressure luadingu.
Suf:auisnt datA are available to show the AS7M reference oi.ls in cormpari-
so;. :.!ith simi2-• reference and hydraulic fluids in permanent viscosity
deer3ase due to biear versus pressure drop across the orifice after 5000
oil cvcleo. The data on Figure 42 show a comparison between the current
ASTD reference oils 10761 and 11081 and ASTM reference oils .-03 and 104
reported in P.R.L.-9-49. The indications are that the same type and
concentration of polymer was used in ASTD oils 103 and 10761. The same
relationship is apparent for ASTM oils 104 and 11081. The major differ-
ence between these two sets of reference oils is the base stock vis-
cosity in which the polymer is dissolved. ASTh oils 103 and 104 were
prepared in a naphthenic gas oil of 8.8 centistokes at 1000F. while
the base stock for ASIM oils 10761 and 11081 is indicated to be a
naphthenic gas oil of about 3.5 to 4 centistokes at 1000F. Thus, it is
believed that the extrapolation of the data for ASTM reference oils
below pressures of 1325 p.s.i. is valid.

Figure 43 shows the rcmparison of Spec. MIL-0-5606 hydraulic
fluid and Spec. MIL-F-5602 shear stability reference fluid with the
two A--I reference oils. The Srpc. MII-0-5606 and MIL-F-5602 fluids
again appear to be midway between the two ASTM reference oils over the
entire pressure range evaluated.

These data have been transmitted to Section B, Research
Division VII of Ccmmittee D-2.

E. TMPORARY VISCOSITY DECREASE DUE TO SHEAR. This Laboratory
has evaluated the non-Newtonian behavior of polymer-containing fluids in
several mechanical devices. These muthocas i.gr".ude (a) leakage at high
shear rates past pintles, seals, and pistons In hydrlaulic units, (b)
leakage through the piston-cylinder ia1' olearnncc of a Bosch Diesel-
type piston pump where the piston. are 13pped int.o the cylinders, (c)
flow at shear rates in the range cf C. i " 300 reciprocal seconds
(sec.-l) using glass capillaries :r. visccrwv÷tars, and (1) flow through
calibrated metal capillaries usin, ý-, lkydrauLic pump to attain extremely
high shear rates while maintaining :nhrc:.r:Inc flow. This lattcr dcvic•
is designated as the PRL high shear vic*-inetc-. These testers are all
based on oil flow through a capilary tube and it is the viscosity as
such that has been measured.

There is a dearth of irr..rmntI 'i, in the literature on the
application of these non-Newton1-:. i- do to conventionally loade*d
journal bearing- for the eva.',a" or " tY-n and oil film thickness.
Tzcough the NACA subcomnittee .- -r and ,L,'rication, this Laboratory
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U Table 96

WCMOSITION AND] PHYSICAL FROPMERIS OF ASTK RaEHEECES FLUIDS

22Ut1E!TO FtIlD OE80. 1 o. u06i f NO. 1I081

Samic, 084 j 52.0 I5.

OIL AflkgXIATES OTKT? APPROXIMIATES TMAT[z- ;,:ocr: IN 2P-CIFIED .3

0 7 XC. POLM4R ZO 2.E 11.2 ]
212. AT 210-F,0.5.056

AT130-F., C02(2) '1:32 I*45
Al 100-F ., CS. '6.03 1 6.21AT -Ic-F. * CS. 180 j Le

VIS. AT 210'? .SS, -24.f IA

AT 230'?., Su$~ 81. 02.2

VISCOSITY 1112(2 21 212

2280! SLOPE, 210OFl. TOlo0??. 0.5090.3

POUA POINT, -F. BLOWe -75 BEOWt -75

EtASWPOINT, ý. 1.c)d 20.20

TAMWS K 'G 01. 0-3
That, 0.,w4./. 0. F

VOLTIE ATTE, 5M4
(C7 L-575 m2 2. AT 210-F.)

AKILIIE 70Pow, *c. 6s.6 69.4
8700*F10 274117, 6c-r./6c-F. 0.816 I 0.579

COOV 1-1/2- ]-_______

(2] I0100PMtTED VALUE.22
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has submitted fiva gallon samples of each of twp non-Newtonian and ors
Newtonian oil to the NACA jcurnal bearing lubrication project at Cornell
University. These three fluids have been designated as PRL 33?5. PRL 3374.
and ?RL 3373 and were formulated to match the properties of ASTM oils 101,
104 and 103, respectively. These A.TK oils are described in detall in
zeport P.R.L.-9-149 mentioned previously in this section. The viscosity
properties of these oils are sumuarized in Table 97.

Table 97

i'-ýiPZRT1I 'Al1 NON-NEWiONIANi TEST FLUIDS FOR NACA ,bUh'4AL PIEARIN,.- TESTS

PRL Designation PRL 3375 PRL 3374 PRL .3373
Polymer Gone., Wt. - 5.1 11.1
Polymer Mol. Wt. - 160 25

Centistoke Viscosity
at 2100F. 5.24 9.14 8.39
at 1006F. 33.1 3.3..2 33.4

ASTM Slope (210- to 100oF.) 0.762 0.480 0.521

Centistoke Visc. at 1006F. and
0 sec.-l shear 33.1 33.2 33.4

100,000 sec.- 1 shear 33.1 25.7 29.6
250,000 sec.-l shear 33.1 22.7 27.2
500,000 sec.- 1 shp-- 33.1 20.5 25.3

1,000,000 sec.- 1 shear 33.1 18.3 23.4

These fluids have now been evaluated by the NACA project at
Cornell University in a Journal bearing tester. The evaluation includes
friction studies and film thickness, or eccentricity ratio. Eccentricity
ratio refers to the displacement of the journal from the center of the
bearing by increasing the load or by using a lower viscotity lubricant.
The used samples of PPL 3373, PRL 3374 and PlL 3375 have been returned
to this Laboratory for tests to deteizibs any significant property changes
such as contamination or permanent viscosity decrease due to shear. The
used samples have been evaluated and show essentially no bigns of contami-
nation, oxidative deterioration, or permanent viscosity decrease due to
shear.

The test results reported by Cornell University are ver6y
interesting. It can be noted from the viscosity data on Table 97 that
all three fluids are matched in viscosity at 1000F. The major difference
betwec• the fluids is the effective viscosity under high rates of sheer.
Test results are reported in Progress Report No. 9 (Revised) on Bearing
Friction and Eccentricity Tests of Non-Newtonlan Oil by K. B. DuBois,
F. W. Ocvirk, and R. L. Wehe under NAUA Contract NAw-6197. These results
show that friction valuer are reduced as much as 40 per cent for PRL 3374
as ccmpared W.'h PHL. 1375. Similarly, friction values for PRL 3373 are
as much as 25 to 3O per cent lower than for PfRL 3375. Thes- resulros are
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in agreement with the effective viscosity values at nigh shear rates.

The study of film thickness in the bear-ing, or the eccentricity
aý.tao, revealed tnaa toe ecoetntricity ratio is essentlollv- the same with -
in the limitc of error for all three oils tested. Since film thickness
ia al!o a -,-cte!. viscosity, these results are not predicted by
effective viscosities at high rates of shear. These film thickness results s
appear .o efllow the low shear viscosity values. In other words, the use
r: a non Nc.•tnu"- oil such as FRRL 3374 appeaL a to provide a substantial
reduction in friction for no sacrifice in load carryLng capacity over a
hewtonil . u? rne same viscosity value. This aspect of nornNewtonian
oils de- .".e urun-- consideration and study.

C. J TB24PERATURE VISCOSITY STANDARD. This Laboratory has

distributed a Iour--ou-ce s-.mple of F•R. =15 low temperature viscosity
standard to each of the folio•-ng organizations. FRI. '215 is ca--brated
as a star.dard for viscosity determirattions at -LC8. and -h5*F. The
pri y purpose of this standard is tne establishment of a cormon
temperature scale lor viscosity d-termL-ations at these low temperatures.

Mr. L. Van VoelinburgDew-C-orning Corporation
Mid land,• Michigan

Mr. S. L-. Wood
Oepartment of the Army, Springfield Armory
Springfielo 1, Massachusetts

Dr. A. J. Barry
Research Department, Jnow-Corning Corporation
Midland, Michigan

Dr. T. W. Mastin
Fesearch Department, The Lubrizol Corporation
Cleveland 17, Ohio 'I
Mr. H. P. DemerjianIBaker Castor Oil Company
35 Avs-ne "A"
Bayonme, New Jersey

Mr. W. D. Thomas (2 samples)
Southwest Research Institute

San Antorio 6, Texas

Deecy Pro.ucts co.
Cambridge, Massachusetts

MY. W. W. LeRoy
Viekers Inc.

1400 Oakman Blvd.
Detroit 32, Mion.
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I

I Ford Motor Co.
Quality Laboratory
Production Offices
IGate 4, Rouge Plant
Dearborn, Mich.

SG. SAMPLES DISTRIBUTED AT TH R' UEST OF WADC. The Wright Air
U )eveltpment Center (WADC) has requested that this Laboratory furnish the
tI fol2,•g iu~te±.ls to tho organizations indicated.

A one-ox"ice sample of calcium cetyl phenate was sent to Dr.
A. J. Barry, Research Department, Dow-Corning Corporation, Midland,
Michigan. This is the material used as a metal deactivator in PRL 3209
type non-inflammable fluid.

A one-ounce sample of Hercoflex 600 (a pentaerjthritoi type
ester) was sent to Mr. Robert Paige, Boeing Aircraft Company, Seattle,
Washington.

A 200 ml. sample of tetralin has been sent to the Wright Air
Development Center, Materials Laboratory, WCRTR-1, addressed to the
attention of Capt. J. O'Brien.

One gallon each of fluids MW 7008 and MWO 7009 has been
furnished to the Wright Air Development Center (WADC). MLO 7008 is a
PRL 3209 type non-inflammable .. uid prepared without the polymer-
thickeni)g agent. MLO 7009 is tl- et!ldibromobcnzcnc baoc stock used
in the formulation of PRL 3209 non-inflammable fluid.

A two-gallon sample of MLO 7010 synthetic jet engine oil
containing diisopropyl acid phosphite has been sent to the Wright Air
Development Center for evaluation.

The following quantities of experimental jet engilne oils
were sent to Mr. A. Hundeie, Southwest Research Institute, 8500 Culebra
Road, San Antonio, Texas.

10 gal. Prr.. 3161
2 gal. GTO 16
2 gal. GTO 17I 2 gal. PRL 3313

One galluo of an ethy1dibromobcnzenc-base hydraulic fluid
I (PRL 3209) waE sent. to Capt. 8radley F. Benniett, Bureau of Shizo.

Na-rf Department, Washington 25, D. C,

A one-pint sample of each of two fluids suitable !'or inter-
laboratory calibration of the Shell four-ball wear tester his been sent
to Mr. D. H. MXreton, Douglas Aircraft Company, Santa Monica, California.
These fluids arc designated as PRL 3207 and PRL 3462. They represent a
Sgocd ncn-additive lubricant and a lubricaj.t with a good anti-wear additive,
re :ecti vely. The campoitionrm and -,ropertien of these fluids arQ given
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in report ;IL 5.8-Sep53.

H. pI=8I'ION OF REPORTS. The following reports have been
distributed to the organizations indicated during the period covered by
this report. The distrioution of these reports has been at the request
of eithar the Materials Laboratory, Wright Air Development Center or the
Chief of Bureau of Ordnance, Department of the Navy. .

')e copy of report PRL 106.4 entitled "Apparatus and Procedure
for the ,-,i.nainatin- of Low-Temperature Viscosities" d'fte& FePruarv 6,
1945 has '0 !nl sent t. :-ach of the following orgunizations.

Mr. John Mathe
Celanese Product Development Laboratory
Siumit, New Jersey

Mr. G. C. Vickery
baker Castor Oil Company
40 Avenue "A"
Bayonne, New Jersey

Mr. W. D. Thomas
Southwest Research Institute
8500 Culebra Road
San Antonio, Texas

Snery Industries, Inu.
Control Laboratories
Cincinnati 2, Ohio
Attn: Mr. R. H. Dreyer

One copy of report P.R.L.-4-52 entitled "Wear and Lubrication
Characteristics of Some Mi-eral Oil and Synthetic Lubricants" has been
loaned to Mr. C. W. Sauter, Western Gear Works, Lynwood, California.
It was indicated that this report was to be used in connection with a
Wright Air Development Center contract. Report P.R.L.-4-52 is a thesis
prepared by Dr. E. E. Klaus apart from the work carried out under
Contract AF33 (038)18193.

Four copies of report P.R.L.-2-53 entitlna "The Interrelation
of Lubricants and ketals of Construction" and dated kfebruary/ 27, 1953
have been sent to the Library of Congress, ASTlA Reference Center,
Washington 25, D. C.

One copy of report, PRL 3.4&6-Apr49 entitJ.ed "Vis"cous Damping
Fluidse and dated April 14, 1949 has been sent to the Bell Aircraft
Corporation, Buffalo 5, New York.

One copy of report P.R.L.-3-53 entitled "Liquid Phase Oxida-
ticn of Dibasic Acid Esters" has been sent to esch of the following
Service organizations. Report P.R.L.-3-53 is a thesis prepared by
1g. N. E. Shlrii apart from work carried out. under Contract AF33(O38)18193.
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Mr. J. C. Mosteller
Wright Air Dev)opment Center
Materials Laboratory, WCRT-3
Wr-ight-Patterson Air Force Basa, Ohio

Chief of Bureau of Aeronautics
Department of the Navy
Equyipent and Materials Branch
Engineering DivisionI neshington 25, D. C.

Chief of Bureau of Ordnance
Depart•ent ci the Navy
Washington 25, D. C.

One copy of report PRL 6.3-9ec53 entitled "Some Properties of

Spec. !4h-O-5606 .ydraulic Fluid at Elevated Tcreratures' has been sent

to Bendix Products Division, Bendix Aviation Corporation, South bend 2D,

"jInd.
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This report has been prepared by the Petroleum
Refining Laboratory of the College of Chemistry an- hics
at the Pennsylvania State University under Air ForceCont. ct AF3•3(0381.93. Mr. J. G. Mosteller, Materials
LaboDrator7, WCRTR3, Fmgineering Division, Wrilght Air
Development ';enter is the Acting Project Zigineer for

I this Work.

Research worx for the Air Force on Fluids,

lubricants, Fuels and R- ted Materials by this
LIboratory. has been a continuous project since March

conductE under Nat.•oeal Defense Research Cccm=ttee
Contract "-CE~sr403. V-e frm july 1945 to October 1951
wat; conducted under Ma~vy Contract N~rd 79580).
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Aopendix A

S••E PROPaT IES OF bPEC. MIL-O-5606 HYDRAULIC FLUIDEK AT ETS8VAM-Ti EM r E-ATURES

S=raj. Aý the request of the Materials Laboratory, 'CRTR-3

o7 the *g;Pht Air Do-velopmest Ce....., .,L,'s 1a.aorvtlr has assayed in. the
Laboratc-y some of the msre importsnt properties of Spee. MIL-O-5606
!'..•Aulic fluids at elevated temperatures. These properties are
s-rized at -- fS4 .-. ion of c-..asrr on-ble I

Volatility As an important property in high to.mormiure applI-
cations of Spec. MIL-O-5606 fluids. Three characteristics in hydraulic
system applications•, directly relared to the fluid's volatility, are:

(1) vapor pressure, (2) inflaisabi:ity, and (3) residual film formation
due to evaporation. The -uppe~r limzit of usefulness in a hydraulic system
pressurized to one atmosphere would be of the ordr of 500*F., which is

the initial- boiling point of a typ~ical Spec. PIL- 36G fluid at one

atmosphere pressure. 'he flash eoint of a typic.- 'Tec. MIL-O-5606 fluid
is awoot 229W., w"ich is approximately equal t^ -_ boiling point of the
fluid at 10 em. rxg. The spontaneous ignition aee.perature of the fluid
is of the order of 500*F. Problems of tacky films arising from the
extensive evaporatico. of exposed thin films of Spec. MHIL--.606 fluids
are related both to time and temperature. Undesirable tacky films
appear after a-out 4 to 6 hours exposure at 2001F. without fluid
scaver.gi. ConCtrol of tacky film. is primarily a function of system
design.

The viscosity-•tperature characteristics of opec. MIL-O-5606
fluid are good. Pump tests in comnercial Vickers 3,000 p.s.i. piston
p=ps indicate that the viscosity level is adequate for successful
operation over the entire range of -65° to .500*F. Lubricity studies
show that the fluid has adequate lubricating properties for hydraulic
pimps over this same te=pecrture range. Volatility iz orobably the
limiting factor in high temperature wimp operation. It appears that
fluid volatility may increase wear in pimps operating at temperatures
above 4•0*r.

The ther-al stability of typical Spec. EL-O-ScOb hydraulic
fluids is excellent ip to 500"F. In the temperature range of 450" to
5001F. there is sdme viscosity decreamo duc to thc.-of-. depolymerization
of the polymeric thickener. There is, however, no evidence of volatile
prodsct formation, or of thermal decopoition products which are
deleterious to the fluid's use or to overall iluid stability-

.he oxidation behavior and stability are among the most
import-ant ites in ap-raisi-n the nigh t-m-erature charazteristics o'
Spec. HIL-o-5-06 nydraulic fluid. The decrease with temperature in
the fluid's induction period, or stable life dtring oxidation, is illu-
strated i Table 1. At elevated troperatures thore t'-a . ln =f
the id very short and at low t eratures ven the stable life
is exceeded, the oxidative deterioration becomes a function cf the amo'-nt
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Appendix A

of cxvgen or air in contact wLn T,,.a fluid ýrn on the intimacy of thia
aide-oil contact. The data indicate that a Spec. MIL--05606 fluid can

St-leruLt the aýssimilation of moder.tt quan-tities of oxygen at etevated
te'peratures without exccsaive deterioration of the fluid or trouble-

if scae corrosion of metals. It may ie desirable, therefore, to pressurize
witL nitrogen, c- ceal with a diaphrag-, hydraulic sy_ Ems designed to
have a bulk oil temperature in excess of aoout 200F.

3!i :1" -ge inter'als in a closed systes of tnts type could be
sr cuiled to app;- t-mate the stable life of the fluid olus the time of
operation durine which the air leakage or entrainment into The fluid is
estimated to be I00 to 2MO cubic feet (at 32*F. and 760 mm. Hg) per five
gallons of oil. it is believed that the assimlilation by tee fluid of
the ox-gen in 5WO to 1,C00 cubic feet of air per five gallons of fluid
can be tolerated without causing the aver-ge hydraulic system to beec=a
.noperative fyron the standpoint of oxidative deterioration.,

In accelerated laboratosy tests copper, copper alloys, and
sixver cause a reduction. of about 50 pe- cent :in tbc stable life of a
typical Spec. MIL-0-5606 fluid at 333F. These metals are the most
effective of those evaluated in this study in causing a decrease in
the fluid's stable life. The fluid's stable life is the Line _nterval
(hours) driL-g which oxygen is not significantly absorbed, or assimilated,
by the fluid even thoagh there is available ample oxygen and oxygen-oil
contact. It is believed that nne of the metals evaluated in this stallIT should be excluded fn-)n atrcaft h'ydraulOic syýstemsuigSe. 41050
fluid alely on the basis of their catalytic effects in accelerating
oxidation.

if
I •A high quality Spec. 3411-0-56C6 hydraaulic fluid does not

ecreode metals non-ally us'ed in V-draulic systems. it has been established
that a typical Spec. Milo-ý-5606 fluid in a state of incipicnt oxidation
does not corrode copper, airu-n=s, and steel at 500"F. 'r the basis of
low temperature (250F.) tests it is suggested that cadmit= plate be
eli-inateo from hydraulic systems. High temperature oxidation and cr.rro-
non tests indicate that it would be desirable to eliminate magnesi= from
hydraulic systems where temperatures cf 2.C7F. cr greater exist or are
predicted, or where the fluid will be used to the point of incipin't
oxidation. This applies primarily to closed hydraalic system u',c.rc
oxidized psoducts including water -11. be in intimate contact witn the
metals of construction.

A n=Ler cf miscellaneous physical properties have been i.n-
claded in thns report pr-=arily for aie in design an.d e,.inceriýg
calculations. -nese properties include: specLfic heat, therrAl con-
ductivity, balk 'auduiu of elasticity as a f:unctIon of temperature,
density as a Z'ncticn cI' teperature: cusical coefficient of expansic.n,
and viscosity as a function of temperature ans pressure.

in general, these studies show thrat a .high quality Spec.
MI•-J-56•-O fluid 0 xhibits goon Dveral) stability at temperatures up to
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500-F. urnder a variety of condltsons. It should be emptaszed tnat the
quality of tae Spec. MIL-O-5&6 Iluiad used in this study in terms of
oxidation and corrosion stability, ir particular, is better by at least
a factcr of two than the minim qudlity fluid guaranteed by the Speci-
ficatio,. rhe fox-mutation of mre snecific liritations will require the

testi.ng of acsue ;i Sdulic sy.ýns ýmrs-vants and etarent Spec. 141L-O-560oJIM fluids.
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AT EISV;ATED fr;NP:,R4!U-RES fpedi

1-atroduetion. The Wright Air Developmen~t Center requested
thatthi Laoraoryevaluate the properties of Spec. M11-0-5606 hydrasilic
11-' ,

1
evato.d tenperetumres. Spec. PAlh.O-5606 hdwlic -'luid has

be si-currtet develc0ryentsasin h aircraft plae mpasisi !,n high e
US.eeds a-d ter-zefore, Britihe andbie dint t i t rc-s ,fich res t ins
hirer thytdralc. system54 temproatres. The hydraulic sluistematemperatured

probem ist on .ie necssb the prohimity of thshydraulic flila enotinedsro
toe ino conventiona Worl Wand to pithe ehaust ofitrcier ngne.tit

cretepaionhigher hydraulic system temperatures, ah syrri ytntudyeatof

some of the practical. limitations, temperature-wise, of Spec. MIL-0-5606
hydraulic fluid -is of particular interest. Yany of the data pertinent
to a high temperature study of Spec. MIL-u.-5606 nydraulic fluid had been
obtained and discussed in reports contracts prior to Contract
Hy33(036)j18193. These data along with current data 'A"e prewi.'ed in
this report.

Spec. MIL-0-5606_ and eals"
1  

editions of this- -us spre-ifi- -

cation (Spec. AN~-0-366 and Spec. AIN-V-O-(366b), are used interchange-
ably in this report except ir, discussions on wear and lubrication. Spec.

Y-&-4-5606 and Spec. AN-0-366 fluids contain tricresyl phosphate as the
anti-wear additive dItile Spec. AN-VV-0-366b fluid does not contiin a
lubricit y additive. For this reason. any lubrication stuidies discussed
arc for the fluid containing the trio-resyl phosphate.

Volatility. The volatility of Spec. Y-IL-0-5606 hydraulic
fluid is one of the important properties determining its high tempera-
ture behavior. Three items inhy4 ali system applications, related
directly to volatility, arc (1) vapor pressure, (2) inflammability,
and (3) residual filn formation due to eve oration.

A 't~ypical Spec. MiL-0-5606 hydraulic fluid is a blend com-
orisine a aineral oil Nnse stock. a less" volatile mi..'r...l M1s h

anti-tack component, a polj-ceriz additive (vriscosity index improver),
an oxidation =oo corrosion inhibitor, and an aniti-wear or lubricity
edditive. The mineral oil hose stock constitutes the major portion of

voliilecomonet o-the fluia. Accordingly, it determines tne general
voltilty eve ofthe fluid. The Spýso. MIL-0-5606 requirements place

rosdrbeYestrictions un the volatility of the mineral oil base stocNc.
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Thus, the volatility characteristics of a typical commercially-prepared
fluid meeting the apeolfication can be considered to be of the same
crder of magitude for any conmercial Spoc. MIL-0-5606 flu:.d.

The vapor pressure-temperature relationship for a typical
Speo. M1L-Q-5606 type fluid is shown on Table 2 and Figure 1. These
data show that this fluid has a vapor pressure of approximatcly 3 nam.

2t 2000F. and 38 mm. Hg at 3000F. Expressing these vapor pressur.:
dsit "ln another way, the fluid would begi.. to boil at Pb-ut 530F. and
atr-.spher..c preso,:=e at sea level. Boiling would.1 begin in an unpressur-
ized, system at 3756F. and at an altitude of 40,000 ft. (140 umm. Hg
absolute pressure). Currently, pressurized hydraulic systems are being
considered. On the basis of vapor pressure, a maXimum temperature of
about 5000F. could be tolerated in a hydraulic system pressured to
760 am. The data shown on Table 1 indicate about a 200F. spread between
the initial boiling point and the 20 per cent distillation point. This
is typical of the narrow boiling fractions commonly used as a base
stock for Spec. NIL-0-5606 hydraulic fluid. Values of vapor pressure,
or boiling point, intermediate to those shown on Table 1 can be obtained
from the graph of the logarithm of absolute pressure versus the logarithm
of the temperature as shown on Figure 1.

I' The volatility of mineral oils and most synthetic lubricants is
closely related to inflammability properties as revealed by the open
cup flash and fire points. The Spec. MIL-0-5606 limit or flash point

r is 2009F. The flash point for the sample used to obtain the vapor
L L pressure data shown on Table 2 is 2300F.

SThe relationship between flash point, fire point, and vapor
pressure is shown on Figure 2. These data include narrow .... ng
mineral oil fractions and some dibasic acid esters. There is relatively
good correlation between the Cleveland open cup fire point and the initial
Cottrell boiling point, or the 10 per cent distillation point when
converted to 10 mm. Hg absolute pressure. The fire point is slightly

_ lower than the 10 rmm. fig boiling point for values above 400F. The
correlation is good in the 2000 to 400F. region which includes the

Svolatility range of Spec. MIL-0-5606 hydraulic fluid. The data on
Figure 2 also show, for these narrow boiling mineral oil fractions and
esters, that the spr.ad between the orin cup flrAsh point and the fire
point is about 10[F. per IOO*F.

Thin Film Evaporation. Evaporation of the base stock from
thin films of Spec. MIL-0-5606 fluid results in concentrating the
polymeric additive in the residual film. ExceaRive hase etock evaporn-
tion gives a tacky or sticky film. A high boiling component is added
to the bulk of the mineral oil base stock as an anti-tack component
to control the properties of Lhe films left after extensive evaporation.
Problems In the hydraulic oystem due to excessive evaporation could exist
in portions of the sy.-tem which are wetted with oil during, operation, but
which are not filled with oil during shut down periods and qre open, or
IAve aib: to substantial L;.uunts of circulating air. Severe film

WADr, TR 55-30 Pt "3 -257 -



i 7able 2

VAPOR PRESSURE - 'ILMPESATURE -ELATIOMSHIPS FOR
-P1i'CA~i0N A1-VV'-0-366b MYDRULIC F~a2D

Test Fluid = PRi 1912 - Ty-pical Commercmally-Prepared
Specification AN-VV-0-366b Fluid

i1RTIAL BOi=L4.0, IM T data obt•ined on new sample of
Spczification Ah-v-O-366b Fluid

20% D1S:'LAT•.GA PG]Vr data obtained on sample or
specific..:on Al-VV4-366b flu.id after ao&•si:,-_

off .. vol-c per cent of the fluid.

j rinitial 20%
ABRSOLUT PRES•tkr, Boiling IDistiliation

_ _�I, _ _ _ Point Poimnt

700 1 4940
500 I 466 484
400 448 465

397 1 414
100 353 372

53 315 336
10 246 273

I - - 213

mm.1

1 •3 t/TE PR--ESSUR, mam. hg
Initial 2P%
Boiling DistillationqmTv'R't '1JF,,, F Point Point

475 558 450
450 405 33, 0

425 297 237
400 MD 162
375 I46 107

~~z~.&i'rn ~ . .P~. 97-5__
325 63.0 4o.o
_3) 38.2 21.5Z7?5 21.9 U. 9

250 1! .3 4..6
225 53 11.7 -

WADC TR 55-30 i 3 -258-



I 4Apcndix I
Figure 1

VAPOR PS.MlTPERAT RLATIO14SIiIPb FOR SPEC. AN-VV-O-36bb
HYIDRAULIC FLUAID

3 TEST rLUID: PRL 1912 - TYPICAL COMMERCIALLY-PREiPAREO SPEC. MIL-O-5606 TyPE F*rUIC.

A - INITIAL BOILING POINT DATA OBTAINED ON A NEW SAMPLE.
0 - 20% DIST;LLATION POINT DATA OBTAINED ON SAMPLE AFTER DISTI.LIN0 OFF 20

VOLUME PER CENT OF THE FLUID.

16000 . - - - - *
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I • so .... ,

'- -.-.- -...... --

I I
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300 - -z

I 4 0 --.-.-
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I
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1 1--

20O 260 320 380 440 500
SPTemperature, OF.
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Figure 2
CORMATION OF C07TRISLL BOILING PO.NT, FLAS•H AND FIRE POINTS, AND

DISTILLATION T3S0ATURM oF VARIOUS LIQUIDS

<•.. ... ( " . ..
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"tackiness in thess potticns of a hydraulic system could lead to mal-
"" •functioning of close clearance parts such as valves. This is strictly

T an evaporation phenomenon, and if the system is closed, or otherwise
ar.anged so that evaporation is minAmized, then these problems of thin

"u s• flit talkiness do not arise.

T This Laboratory developed a quantitative measure of evapora-
Sionz -nd tackiness of thin films of hydraulic fluid. This technique
habs ." :: p~';ý LL toth Spec K!iL-3-5606 and Stec. 5'-F-21 (Navy)u S ' hy're.alic fluids. Nuo distinct operations are involved in the evapora-
tion test. These cechniques are described briefly in toe following
paragrapns. A more complete description of these tests is given in- Foncal Report Xo. Ui to the lation-l1 Defense Research Committee dated

I March 1, 1946, pages 41 to 67.

The first portion c: the test comprises eaaporating a thin

".I • film. A one millimeter thick fluid film is evatoratee for 80 hours in
_1 a flat steel cup at an oil film temperature of 190rF. roe evaporation

cup ceats on the bottom of a glass beaker which is Laxersed in a
a constant temperature oil bath. Dry air at the rate of 5 liters per hour

is passed over the surface of the oil fi_-t'. At regular intervals the
steel cups are removea from the bath and weighed on an analytical
balance. The weight per cent oil evaporated can be determined from the
weight chenge. The evaporation characteristics of each oil can thenbe represented by a curve of total "eight per cent evaporation versus

time.

.M SO hour test prlod is employed as a reference point. At
3the end of this period most of the more volatile components of toe base
£ek of a typical Spec. HIL-O-5606 fluid have evaporated, and the rate

of evaporation hbs reached a slow or negligible rate. This appears to
be a desirable point at which to coopare weight per cent evaporated and
film tackirness.

SThe second portion of the evaporation test comprises a simple
tJ vacuum distillation of a portion of test fluid. The vacuum distillation

is carried to the same value of ýeegbt per cent distilled as the value
- of weight per cent evaporation notea in •tne first portion ci the test.

Toe temperature of the vacuum distillation is kept below 'SOO°F. to
prevenat any viscosity cenges due to thermal decomposition or crackirg.

I The properties of the residue from the distillation are then considered
Ill i s to r-eprerent or tvoypy the resitLx fro thc 8. nour evaporation t..

The 160F. viscosity o: tne distillation residue is determ.ned. tim
viscosity is considered to be approxdmately equal to the viscosity of
the oil film after 80 hours' evaporation in the steel cup. It is

I Ibelieved that viscosity is the property that relates most closely to
I fibs tackiness.

A compleae discussion of the above tsca techniques for
mcasurtra tacsiness on a quantitative basis is in deport PRL 3.4-Sep45
entitled "PREPARATION OF SFr.CIrICAIiur U.S. 29,43 f-,-'@t.LtL rtotu, U .

_ _ _ _ _ _ _ _ _ 55_30_3_26I
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IMPROVED TACKINESS CHARACTERISTICS" and dated September 27, 1945. Fhleprt
P].. 1-6.11, June 1945 entitled "SPECIFICATION AN-VV-O-366b HYDRAULIC
FLUIDS WITH IM4 PROEI D TACKINESS OHARACThiISTICS" describes the improve--
ments that can be made in the tackiniess, or residual film viscobity, by
using m(re effectivc a~nti,-tack cor.ponents of the dibasic acid ester
type. Tie improvements discussed in these previous reports have been
achicved without altering the overall specification limits on fluid
propertiet with the possible exception o Slight increases in rubber

Zvaporat.ioa. ..haracteristics for typical Spec. M!. -)- 560O6 base
stock components are sxown on Figure 3. These data clearly indicate
that the thin film evaporation rates at temperatures of 1900F. and higher
are rapid for the bulk base stock (Winkler base oil) and still appreciable
for the anti-tack component (Voltesso 36) of a good quality Spec.
MIL-0-5606 fluid. Evaporation data for a typical dibasic acid ester (di-2-
ethylhe~yl sebacate) in the same vis'cosity grade as the mineral oil
anti-tack component (Voltesso 36) are shown as a basis of comparison.

Evaporation data for four commercial Spec. AN-VV-O-366b fluids
are shown on Figure 4. Composition, evaporation, and film viscosity data
for the fluids shown on Figure 4 are tabulated on Table 3. The film
viscosity illustrates the relative tackiness nf the residual films after
evaporation much more effectively than data showing simply weight per
cent evaporation. These data indicate that there was considerable
variation in the evaporation and tackiness characteristics of commercial
Spec. AN-VV-O-366b hydraulic flui' . These fluids were formulated .in
1944. It is of interebt to note, however, that the requirements on
evaporation and tackiness in the current Spec. MIL-O-5606 are the same
as those irs Spec. AN-VV-O-366b. A range in film viscosity similar to
that illustrated on Table 3 would be anticipated from current commercial
Spec. MIL-O-5606 fluids.

A , hydraulic system temperatures increase, it may be desirable
to consider placing more restrictive limits on evaporatlun and tackiness.
Current limits in tne specification are based on a touch test.

Viscosit&-Tempsrature Characteristics. A complete viscosity-
temperature curve for a typical Spec. MlL-O-5606 hydraulic fluid (PRL
2883) for the range of -650F. to +3000F. has been experimentally deter-
ni,•u -zd is shown in Figure 5. PR!L 2883 is a typical commercial Spec.

MTh-0-5606 hydraulic fluid prepared by the Standard Oil Company of
New Jersey. The fluid has a viscosity of 2.98 centistokes at 2980F. and
2,000 centistokes aft -65"F. Mineral oils, in general, appear as
straight lines on the ASTM viscosity-temperature chart. However, fluids
of the Spec. MII,-0-5606 type exhibit a slight curvature at temperatures
below about OF. which- leads to highe. values than predicted from a
straight line extrapolation in this low temperature region. The high
temperaturc vircosity values nave been predicted to 4500F. by a straight
line extrapolation from the 210C and 2986F. measured values.

WPMC TR 55-30 ?t 3 - 262 -
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Figure 3
EVAPORATION CHARACTERISTICS OF SPEC. MIL-O-5606 TYPE COMPOSITIONS

AT A TEKPERATURE OF ).90 0 F. AND AN INITIAL FILM THICKNESS OF 1.00. -W-.

Winkler Base 65 Wt.% Wi ler -8a- oi --35 Wt.% Xroltesso-36•

6 4-5 Wt.% Winkler +

1:7 -45 Wt.%Di--2-Ethylhecyl
I / .Sebacate -

60 Note: Evaporation Area in all Cases
is 19.7 Sq. Cm. During Evapora-

-tion, Air is Passed over Film
... Surface at a Rate of 5 Liters

Per Hour

0

r _

40

lid

1o 20 30 40 50I. Time in Hours
WADC TR 55-30 P 3 -263-
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Figure 4 Appendix A

THIN FILM EVAPORATION CHARACTERISTICS OF SEVMAL SPECIFICATION AN-VV-O-366b
FLUIDS FWKM VARIOUS CMMERCIAL 3OURCES

ALL TE3TS CARRIED OUT AT AN INITIAL FILM THICKNESS OF 1.0 MM4. AND AN AREA OF 19,7 SQUARE CM.
TUE OIL IS MAINTAINED AT A TEMPERATURE OF 190 1 16F., AND DURING EVAPORATION DRY AIR 1 PASSED
OVER THE FILM AT A RATE OF APPROXIMATELY ; LITERS PER HOUR.

VISCOSITY AND EVAPORATION PROPERTIES ARE SHOWN ON TABLE 3.

I 
- 0-

80 ---- 7

II
70 C

S/ SYMBOL TEgST FLUID SOURC,
0C a - TEXAS COMIPANY (AA, TL-437)

000/ 0 STPJEDARD OIL COMPANY OF CALIFORNIA (31279-R)
V SOCONY-VACUUM MOBIL AREO FLUID HFA
£ 0 _, STANDARD OIL CONIANY OF NEW JERSEY WS-0()

4020

0)

I '
20 

----

17 20 30 1,0 50 7 0
Time in Hours
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AppendixA I
Improved evaporation chanacteristics are obtained, in general,

at the expense of viscosity-temperature characteristics and low tempera-
ture viscosity. That is, the inclusion of higher concentration! of the
same anti-tack component results in poorer viscosity-temperature charac-
teristi cs. Bierinig curves showing the effects of increasing the anti-
tack component concentration in typical Spec. 2.-L-,-5606 and Spec.
51-F-21 'Navy) hydraulic fluids are shown on "igure 6. These data are
for Voltesso 36 as the anti-tack cmponent. Voltessc 36 is a typical
naphthenic mineral oil suitable as an anti-tack component.

Ph -ts d -u. emphasized tLat the low tcapzrat-rc _cosity
Sscales oA Figure 6 are Accurate for only the compositions having an
80:2D base stock ratio of Wirnkler base oil to anti-tack component. -

There are re'sonable deviations in the viscosity-temperature character-
istics for blends having other ratios of base oil to anti-tack component.
This deviation is illustrated in Table 4.

Table .

VISOSIT! CHARACTER$STICS OF F•LUDS CONTAING, VAR1OUS
CC8EC.rATIONS OF ANTI-TACK COMPONENT

Test Fluid E,
--- Camposaition, h*'t. .- Predicted -40'F. .
Light anti-Tack Measured Visc., Visc. from
Base (Voltesso Acryldoid cs. at Figure 6,

Ol 36) Polymer 130*F. -40*F. cs.
92.0 0 8.0 io 330 460

83.2 9.3 7.5 10 395 490 ""

74.6 18.6 6.8 10 500 50)

65.6 23.1 6.3 10 605 59.

55.5 38.7 5.8 10 750 640

47.4 47.4 5.2 10 970 690

.. 1
Table 4 also illustrates the advantages in terms of the

concentration of anti-tack compon.=tt that can be gained by allowing a
-40'F. viscosity of 750 cantistokes instead of 500 centistokes..-.

Hiah Temperature P,=p Operation. Lubrication and volumetric ,,
efficiency are two important items in the operation of hydraulic pumps
at high temperatures. Direct measure-ent of these przperties is very --

difficult because of the lack of proren high temperature pumps. There
have been indications that in the temperature range above -w00F. certain 7

VAX- MR55-30 Pt 3 -266- )/
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mechanical probleGIS with currently available pumps retard or prohibit
fluid testing. Therefore, another approach to lubrication and volu-
metric efficiency tests has been .,!Red. Lubricity and viscosity of high
t 0mperature hydraulic fluids can be measured in laboratory equipment.
Thsse measured properties at the desired temperatures can then be
built into experimental fluids in the range of 1000 to 2OO0F. These
expt-rimental fluids can then be tested in a pump under lower tempera-
t-,•ae onditions where no mechanical problems are anticipated. Tests
re.j .t.d in pv-•iou3 Fcrual 1%ports to the Nat!onal 0iexnse Reouaxh
Comr.ittee indicate that Spec. AN-W-0-366b hydraulic fluids (without
an anti-wear additive) operate satisfactorf.ly in a Pesco 349 gear type
pump at a viscosity level of 3.,1 centistokes. The current study has
emphasized viscosities below 3.5 centistokes at the test temperature.

The test fluids used in this study are mineral oil fractions
containing an anti-wear additive and an oxidation inhibitor. The
compositions of these test fluids, PRL 3414 and PRL 3415, are in Table
6. A comparison of the viscosities and volatilities of the mineral
oil compositions and a typical commercial Spec. MIL-O-5606 hydraulic
fluid are shown on Table 5.

Table 5

VISCOSITY AND VOLATILITY PROPERTIES OF SEVERAL
MINERAL OIL COMPOSITIONS

C.O.C. Temperature. F. at Which
Fire Indicated Viscosity Value is
Point, --- ----- ---- Obtained-----------

Test Fluid OF. 3.0 cs. 2.0 cs. 1.5 cs. 1.0 cs.

Commercial
Spec. MIL-0-5606 235 295 390 485 -

PL 3414 230 107 145 178 240

PRL 3415 235 72 109 142 203

L The mineral oil tractions, PRL 3414 and PRL 3415, have vis-
cosities of 1.0 to 3.0 centistokes in the range of 1000 to 2000F. The

r" commercial Spec. MIL-0-5606 hydraulic fluid has viscosities of 3.0 to
1.0 centistokes between 2900F. and the initial boiling point of the
fluid (approx. 500"F.). The mineral oil fractions and the Spec.
MIL-O-5606 fluid have about the same volatility properties.

' The effect of bulk oil Lemperature on the wear characteristics
measured by the Shell four-ball wear tester, of a typical Spec. 51-F-21
fluid and a Spe-. 51-F-21 type hydraulic fluid without tricresyl phos-
phate, are shown' on Table 9. This secrios of tests has not been conducted

WADC TR 55-30 P', 3 - 269 -
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with a Spec. MIL-0-5606 hydraulic fluid. It should be noted that the
ingredients of Spec1 51-F-21 and Spec. M1L-0-5606 fluid, ate essentially
the some except that the Spec. MIL-C-5606 does not contain a rust
inhibitor. Spec. MIL-0-5606 also contains less polymeric additive and a
lower aviti-wear additive concentration. It is noteworthy that there is
no apprcciable increase in wear with temperature for either blend. The
data for a bpec. MIL-0-5606 fluid would be expected to follow quite
c±ose.L rue datA frn the Spec. 51-F-21 fluid. Thus, the wear properties
of Sje. I-RIL-O-560Q type fluids at temperatures up to at least 400F.
would lbe expected to Arallel the wear properties of PRL 34+14 and PRL 3415
in the 1000 to 2000F. test region. Wear data for these test fluids at
167 0F. in the Shell four-ball wear testing machine are shown on Table 6.

Table 6

WEAR CHARACTER;STICS OF SCME LOW VISCOSITY HYDRAULIC FLUIDS

Tests Conducted in the Shell Four-Ball Wear Tester.

Test Conditions Include: Test Time - 1 Hr.; Test Temp. = 75"C. (1671F.);'
Test Speed = 850 r.p.m.; Steel Balls - SKF Industries Grade #1
(0.5 inch Diameter) St.Fp! Bell Bearings, P.RL Batch #10.

Average Wear Scar
Diameter, mm.
Steel-on-Steel

Vica. at Bearing Surfaces
PRL Test Fluid 1000F. 1 10 40
No. Composition in Wt.% ca. kg. kg. kg.

3115 Commercial Spec. MIL-O-5606
Hydraulic Fluid 14.2 0.16 0.22 0.62

3414 0.4 Paranox 441 * 5.0 Tricreayv
Phosphate in XCT White OilT1- 3.27 0.14 0.-2 0.44

3415 0.4 Paranox 441 + 5.0 Tricre syl
Phosphate in Kendall C-13(2) 2.18 0.15 0.48 C.45

(1) Narrow boiling fraction of highly refined naphthenic gas oil obtained
from the Standard Oil Company af New Jerey.

(2) Narrow boiling fraction of Pennsylvania gas oil obtained from the
Kendall Refining Company.

The behavior of PRL 3414 and PRL 3415 in the Vickers piston
pump is shown on Table 8. The pump operated Ratisfactorily throughout
this series of testo. The pump used for this reties of tests is a
standard production model. A typical Spec, MIL-0-5606 fluid wac used
to establish a basis for volumetric efficiency at 1O00F. The volumetric
efficiency as a function of viscosity is shown on Table 7.
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"Table 7

VOLUMETRIC EFFICIENCY VERSUS FLUID VISCOSITX IN A VICKERS
PF-17-3911-10ZEL PISTON PUKP

FluAd Viscosity, Volumetric Delivery, Per Cent of o mum
"'( ntistokes g.p.m. Delivery \)T

14.2 3.10 100
3.3 3.04 98
2.2 3.00 97
1.4 2.89 93
1.1 2.76 89

(1) Volumetric delivery with typical Spec. MIL-O-5606 fluid at 100F.
test temperature is -ofnsldciu- 1o00% of maximum delivery.

These data indicate that burTently available standard hydraulic
pumps can be operated successfully with relatively low viscosity fluids
having good lubricity.

The liditation in high temperature operation with Spec.
MIL-O-5606 fluid may stem from volatility. That is, the lubricity and
viscosity properties of Spec MIL-O-5606 fluid are adequate up to the
1000 to 500 0F. temperature range. The initial atmospheric boiling point
of a typical Spec. MIf-0-5606 is about 5000F. Some problems, such as
high wear and cavitation, might be anticipated in the 4000 to 500F°
region.

This Laboratory has conducted Pesco gear pump and wear studies
with typical hydrocarbon-base fluids containing 30 weight per cent of a
low boiling hydrocarbon such as hexane or isooctane. These studic3 are
described in report PRL 3.35-May47. They were conducted at temperatures
approximately 30* to 400F. below the normal boiling point of the volatile
constituent without difficulty. Moderately high wear was noted in both
the Pesco gear pump and the Shell four-ball wear testing machine under
these conditions. The determination of the actual high temperature limit
of operability of Spec. MIL-0-5606 fluid, therefore, 'awaits the develop-
ment of adequate high temperature pumps.

Thermal Stabil.tj. Thermal stability tests have been con-
ducted at 5000F. on various components of, as well am a complete, Spec.
MIL-0-5606 hydraulic fluid. These thermal stability data are in Table 10.
Data for di-2-ethylhexyl sebacate are included for comparison.

The data shown on Table 10 indicate that the components of a
Spec. KIL-0-5606 fluid as well as di-2-ethylhex)-l sebacate are relatively
stable for the 20 hour test at 5001F. under a nitrogen atmosphere. The
Acryloid polymeric additive shows a tendency to dccreasc somewhat in
viscosity. The viscosity decrease is not accompanied by indications of
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decomposition of the ester group or the formation of volatile products.
Th; viscoslty decrease is believed to be attributable to thermal de-
polymerization. Thercal tests at 500°F. with the mineral oil base stock,
anti-tack component, tricresyl. phosphate. and di-2-ethylhel sebacate
show no Lppreciable evidence of molecular decomposition. The test con-

ducted at 500'?. in the closed pressure cylinder on a comsercial Spec.
MIL-0-5606 hydrauluic fluid inL-Zcates that there is no sigr~licont

r• - -..tio" - vclatile products. This is indicated by the low pressure
at the -ra -f the ,eý at 503-?. ana the lack of residual pressure upon
e-.oulin ixc room. temperc-ire,

Tese data indicate that a Spec. MIL-0-5606 fluid shows adequate te
thermal stability up to its normal boiling point (5oonF.). In general,
it has been found that oxidation dominates over theral decomposition at
high temperatures for mineral oil- and esten-sase hydraulc fluids and
lubricants. Spec. MIL-0-5606 hydraulic fluid is no exception to this
trend.

Oxidation and Corrosion Stability. The oxidation stability
and corrosion beha-ior are two of the most important properties of
hydraulic fluids and lubricants. Their oxidation and corrcsion behavior
pjay a large part in governing fluid life, or the length of time between
oil changes in service. These two properties become more important with
increasing operating temperatures. The rate of oxidation and corrosion
increases rapidly, and the rnduction neriod, cr stable life, decreases "|.
rapidly, r-tn increasing tci-erat*-re. An oxidation and corrosion saa-
biUity of 168 hours at 250F. is afforded by the specification require-
ments foi MIL-0-5606 hydraulic fluids. To fulfill this reqirement, only -,
a so-called low temperature oxidation and corrosion irhibitor is require._d.
This inhibitor is believed to be of the hindered phenol type in most
ccerceal preparation. -T.

The effect of temperature on the stable life, or induction
period, for a typical Spec. MIL-0-5606 fluid is showm on Figure 7. A
similar curve is obtained for a Spec. •14-0-5606 hydraulic fluid
prepared by this laboratory using 0.4 weight per cent Paranox 441 as ..
t.e oxidation inihibitor.

These data indicate that the stable life of the hyAr,,_lic
ficld decreases by a factor of 10 for every 60'F. increase in tempera-
ture. At 347"F. the stable life has been reduced to about 10 to 15 hours.
This compares with a stable life of about 4,000 hours at 200°F. and 2WO "-
hours at 270'F. These data indicate that a typical Spec. MI4-0-5606 _1
fluid has easentially no stable life under the oxidation conditions used
at 400'F. and above. Stable life refers to the period during which little -

or no oxygen is absorbed by the test fluid even though there is plenty
of oxygen available. During this interval most of the changes Ln the
fluid's properties are small in magnitude. At temperatures above which
there is essentially no stable life, the role of thc conventional oxida- {
tion inhibitor is that of reducing the rate of oxidation, rather than
of supprcssing the oxidation entirely. In this latter region the oxidative
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detcrioration is generally a direct function of the amount of oxygen in
contact with the test fluid.

Oxidation and corrosion tests with a typical commercial Spec.
MIL-O-I606 hydraulic fluid are shown on Table 12. These tests cover
temperatures from 2500 to 5009F. Two different kinds of tests have been
made. TLe majority of the tests shown have been conducted using the
P"cedire.a and techniques set forth in Spec. MIL-0-5b06. Two tests usirn.
the PFIL ?i*- f• r- •a•,r d norrosion test ari also included. The
thin fa ii oxidation .Lid corrosion test emphasizes the effect of large
metal eatalyst areas on thin films of oil in intimate contact with air.
A detailed description of the thin film oxidation and corrosion procedure
can be found in the Appendix of report PRL 6.1-Jan52.

Briefly the thin film procedire consists of allowing the test
fluid to flow by gravity in a thin film over 2,000 sq. cm. of intimately
mixed steel and copper Jack chain (1,000 sq. cm. of each metal). At the
same time, air is forced upwards (countercurrent) through the chain and
over the falling oil film. The fluid iS lifted from a reservoir below
the Jack chain packing to the top of the Jack chain by means of a small
bucket type lift pump. The oil cycling rate is about 75 ml. per
minute. This test procedure is somewhat more severe than the Spec.
MIL-0-5606 type oxidation and corrosion test. This test places parti-
cular emphasis on the dirtiness teAndencies of the oil.

The 168 hour tests at 21^*F. are shown on Table 12 to illus-
trate the minor property changes thet occur within the induction period
of a typical Spec. MIL-0-5606 fluid, in the specification oxidation and
corrosion test as well as in the thin film oxidation and corrosion test.
The data from the thin film test at 2500F. indicate slightly larger
property changes in all cases than for the comparable test under Spec.
MIL-0-5606 test conditions.

The oxidation and corrosion tests at 3470F. and highor are all
beyond the stable life of the fluid. That is, all of these fluids after
the test are in a state of incipient or severe oxidation. In the case
of the 3470F. Spec. MIL-0-5606 type oxidation and corrosion test, the
stable life of the fluid is about 12 to 14 hnurs under these conditions,
compared with the test time of 24 and 36 hours. The thin film tesL at
3470F. indicates that the stable life of the fluid was exceeded in 12
hours mnder these conditions. The thin film test, for a lesser degree
of oxidation than the Spec. MIL-0-5606 type test, shows more dirtiness.

Another point should be emphasized concerning the 347*F. tests.
The 13OF. vis-cosity after all of the 3471F. tests show a decrease, while
the OF. viscosity shows little decrease or an increase. These data are
typical for the region of Incipient oxidation of low viscosity mineral
oll-Acryloid blends. This viscosity decrease is not a thermal phenomenon
of the type ill.ustrated in the previous section. Viscosity decrease of
Spec. MIL-0-5606 type fluids from thermal effects begins at about 4500F.
Thermal effects are believed to be a factor in the viscosity changes
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noted in the 4500 and 5000F. oxidation and corrosion tests.

Previous oxidation studies at 2500 and 3470F. have indicated
that mineral oils of the type used as base stocks and anti-tack components
i, Spec. MIL-0-5606 fluids show a steady increase in viscosity with
in,'ipient oxidation. An Acryloid HF 858 solution of the sane mineral
oild shows an initial decrease in high temperature viscosity (1300F.)
with incipient oxidation. Upon further oxidation there is a subsequent
increase in high temperature viscosity. In all cases at 3470F. and lower,
U10 -'^*F. '-ieco'iLy shows a. steady increase with i.ncipient oxidation
The -,!arall eff-:t. of a decreasing high tomperati-re viscosity coupled
witi.. an increasin% low temperature Vi.scicity results in an irnceastb in
A.S.T.M. slope. The cause of this behavior is not known to this Labora-
tory. As pointed out previously, t•his phenomenon is not attributable to
simple thermal depolymerization. TIhs can be seer. by comparing the vis-
cosity behavior on oxidation at higher temperatures where thermal de-
Sradation is known to occur. Under these conditions, as shown on Table 12
data at 4500 and 5000F.), the viscosity values at 1300 and 00F. show a

fairly uniform decrease.

The results at 4500 and 5000F., given on Table 12, differ from-
those at 3476F. discussed above in that the tests at the higher tempera-
tures show no induction period. That is, oxygen absorption begins
inmmediately in these tests. In the 450* to 5000F. temperature range,
the rate of oxidation is proportional to the amount of oxygen available.
These tests have, therefore, been conducted at low air rates.

The air rate of 0.6 .Lters per hour is still quite large in
terms of air leakage into a sealed or pressurized hydraulic system. The
data on Table 11 give the equivalent minimum volume of air that would be
required to produce the indicated amount of oxidation in a hydraulic
system of 5 gallons capacity. These data assume that all of the oxygen
present in the air reacts with the hydraulic fluid. This requires very
intimate contact between the air and fluid for extended periods. The
data on Table 11 arm calculated for the three oxidation tests conducted
at 450 and 5001F. These are the only tests for which quantitative
oxygen absorption data have been obtained.

Table 3i

OXIDATION SEVERITY IN TERMS OF AIR VOLM4E

Oxidation Conditions for Spec.
MIL-0-5606 Fluids on Table 13 Approx. Min. Cu. Ft. of Air at
Test Test Air 320F. and 760 mm. Hg Required
Temp., Time, Rate, to Prnduce an Equivalent ]Degree
eF. Hrs. Liters/Hr. of Oxidation in 5 Gal. of Fluid

450 24 0.6 90
500 24 - 0.6 90
500 20 5.0 625
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These data illustrate that sizeable qiutities or air have to
enter a system to pwvdue the onidative deterioration o- n T-ble 12
under the severe high temperature coritlv-rz used, The oxidation and
corros.on data at 450° and 500*F., compared with the thermal stability
data at 500"F., indicate clearly the advantages of using a closed
hydraulit system, or at least a system with a limited air contact in

this high temperature range. U
The corrosion valuos fea" all cf the oxidation t.'d 'zr-rosion

tests shrn cnon T-bo 'I are lt-. It should be noted that megnesium
has been omitted fr-m the tests at 450* and 5001F. It has been found
in previous studies that the oxidatiou or minera-I oils and many synthetics
at teperatures in the region of WO)* to 5-101F. always results in high
magnesium corrosion. Magnesium corrosion would be antici;ated in high
temperature hydraulic systems where hydraulic fluid oxidation is
encountered, even though the magnesium exists in a portion of the
systems where temperatures are well below 4(('V.

Some oxidation and corrosion studies have been conducted withd
Spec. MI-05606 and similar fluids to study the interaction of i-11i-°

vidual metals and mets other than the five listed in the IL,-O-5&26
specification. The results or conventional Spec. MILO-0-506 oxidatiop.:

and corrosion tests but modified by the inclusion of lead-indium coated -

silver-plated steel or copper-beryllium are shown on Table 13. The
Spec. 51-F-21 (Orad) fluid is prepared from essentially the same con- -
stituents as Spec. MIL-0-5606. T-. essenntia!l diflz----n.ce tietweeen tt.ese~j
two specification fluids is in viscosi-ty level.

of !ead-indium coated silver-plated steel and copper-beryllium alloy are

witbiu the specification Limit in all tests. In the case of the lead-
Sodium coated silver-plated steel, however, there are signs of incipient -1

Scorrosion and the values would be considered borderline. It. canb

noted that the Spec. 51-F-21 fluid also gives borderline copper corro-
sion. There is o indication in fly of these tests that the inclusion
of lead-indium coated silyer-plated steel or copper-beryllium alloy
has caused any deleterious effects on the fluid under these test
conditions.

Several metals have been studied indivddoally in an oxidation
test for their,- cffet on the stable life of Voltesso 36. Voltesso 36
is a nsphtheaic mineral oil-fraction of the type used as a base stock,
or anti-tack constituent, in Spec. MIL-O-5606 bydraalic fluid. The
data obtained for the stable life of Voltesso 36 inhibited with Paranox

iQ, ;n the presence of various metals, is shown on Table 24. These
data may also be considerfd typical of a complete Spec. MI,-0-5606
fluid of high quality. A temperature cf 30.C'*F. -as chosen for the
stable life tests to reduce the stable life values to a reasonable
time for testing. These data indica;e that coj.per, bronze, and silver-
plated steel cause an appreciable drop in the stable life of the fluid.
Magnesiu and steel show some trend toward reducng the stable life.

WAD0Th55-3O0Pt 3 4-78 -
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The stable life in the presence of load, cadmium, and aluminum is
~~�e�,�.�n�~im same as the stable life in the absence of metals.

T- addition to the stable life, the total test time and the
amount of metal corrosion durin, the test is shown on 'fable 14. The
difference between the test time and the stable life is the amount of
time during which the fluid was undergoing significant oxidation. It
i1 -: eresting to note, therefore, that severe corrosion of the metals
4ie r,,tt take - even in thc prcscnce of oxidized oil of the Spec.
M.• 0J-5606 type. It can also be noted that measurable corrosion of
the metal specimens is not necessary to cause an appreciable reduction
in Lhe stacle life of the fluid. This redaction cf stable life by
metals without undergoing appreciable corrosion has been noted previously
for both mineral oil and synthetic fluids. These oxidation and corrosion
data indicate that some or the metals tested are less desirable than
others because of their ease of corrosion or their tendency to promote
oxidation. However, none of the metals evaluated in Tables 13 and 14
indicate sufficient proaxidant activity (reduction in stable life) to
be categorically eliminated fro.m !hydraulic systems containing high
quality Spec. MIL-O-5606 fluids. Corrosion of all of the metals dis-
cussed in this report can be controlled under most normal operating
conditions by high quality Spec. NIL-O-5606 hydraulic fluids.

It has been indicated previously that it is desirable to
exclude magnesium from systems where high temperatures and liquid water
or oxidized oil exist together. Cadmium-plated steel has also given
erratic corrosion behavior with mineral oil and synthetic hydraulic
fluids. The dat.> indicate that it is possible to produce fluids of
satisfactory stability with respect to all of the Spec. MlL-O-5606
requirements and, in addition, give low metal corrosion with the metals
discussed on Tables 13 and 14, but still give unsatisfactory behavior
with respect to cadmium corrosion. It would be desirable to eliminate
cadmium completely from the portion of the hydraulic systezm coming
in contact with the fluid.

Kiscellaneous Phyaical Properties. This Laboratory receives
frequent requests for various physical properties of Spec. MIL-O-5606
fluids for use primarily in engineering and design calculations.
Many of these properties have been measured or extrapolated from
typical Spec. MIL-O-5606 and similar fluids. While there is some
variation in these properties from batch to batch and from manufacturer
"to manufacturer, it is believed that the values given in the following
tables and figures are sufficiently accurate to be used in engineering
calculations for equipment designed around Spec. MIL-O-5606 hydraulic
fl.uid.

The effect of pressure on densityf for a Spec. MIL-O-5606
fluid is shown on Fijure 8. The data are plotted in Figure 8 so that
the densiT, y ratio at any piven pressure and temperature can be determined.
The density at atmospheric pressure at the same temperature is then
multiplied by this ratio to give the d6nsity at the desired pressure.
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Figure 7
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Table 13 .

G(CTTSMhIES W17ri J(DERAL OIL HYDRiAULIC FLUIDS
I.-SI Pi1"41EEORAl 10 EMOAIOTES IN ACCORDANCE VITP SPEC. NIL-0-5606. LEA4OT-OIR COATED S!LVEN-

PLATED b-EC RN~kS 'AYE SEEN IPCLUDED 14 THESE TOSMA THE LEAOD-INDILJ4 SURFACE IS SU83TITITED
FOR CADMIl"*PLATE. STEEL IN THIS TEST. ALL OF T-E 10751. CAIALYSIS EXCEPT TOE LEADI.INDIRI. -,USPECINAhRE 0 I AI-AT 20 BAS. THE LEES-IR1DIE'R CATALYST 1T A ZE.YIt 0! fPICrT PIS=~--

BAOCKING. A.L TESTS ARE ECONDOCOED AT AR AIR RATE OF 10 1 LI~TES 'Et FOUR.

TEST TEHIzP!ý.dE,-F. 2V52
TEST TIMf, 10.105 1o 16

1.10015 LOST, IIT.f 4

EI'JJIE IN VISCOSITYj-.-
AT I3OS. -7 .10 46-

*AT OF. I1 2 -

hSOT. NO. ING. COIO. OIL)
COICITEL 0. .. 0 -

FNL.I0.5 0.0

* A.5.T.N. UNION0 COLCORJ

OR I GIA

VT.f.INSOUL[ LRATERIAL NONE TRACE . R~

F-L ATAUTCTSITIU = I'I
APPERANCE -

STEEL DUL COATED .

HAGRESIUM VlkL 02
LEAD-IORII1PI 50ml0 DOLL -. 1iJ CRPPEA-BEI0SLLI M P OLL

CO.'OR 0.C6 I

MAGNESS." .o:02 00:0
LEAD-RIMI UK 4I2 01

(I) CmcINc:ALUOEc. NiL.0-56R6 FLUlD P0000A4tE BY TOE STANDARD OIL CORIIAN OF MOO JERSE1.
(2) CCIREO.CIAL SPEC. 5:421 I-Si (Coo) HD PREPAREDE By THE STANDARD All CEOPORY CF "Em -!Ets5.
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Table 14

EFFECT OF CATALYST METALS ON 07IDATION STABILITY

Test Procedures and Techniques in Accordance with Spec. MIL-O-5606.
Te,;t Conditions Include: Test Temperature = 300 * 30F.; Test Time as

Indicated; Test Fluid = 'OO ml.; Air 'Rate - 10 1 1 liters per hour;
Metal Catalyst = On- nch Squares of Indicated Metals;

Test Fluid = Volresso 36(2) + 0.4 Wt.% Paranox 4.1.

-- Approx. ITest Catalyst

Stable i4e, 5 'ime, Wt. Loss,
Catalyst Metal Hours, H."5s. mg./aq, cm.

No Catalyst 300 365

Copper, Steel, Aluminum, Magnesium,
and Cadmium-Plated Steel 230 360 0.03, +0.06,

+0.05, +0.10,
0.37

Copper 19.0 212 0.02

Bronze 190 2400 0.19

Steel 250 V15 +0.08

Sheet Lead 300 330 0.10

Silver-Plated Steel 140 220 0.29

Cadmium-Plated Steel 280 310 0.02

Aluminum 280 311 0.00

Yage sium 245 264 0.03

(1) Stable life determined by the sharp break in the curve of neutral-
ization number versus time.

(2) Voltesso 36 is a highly refined naphthenic gas oil typical of good
quality base stocks for Spec. MIL-0-5606, Spec. 51-F-21(Ord), Spec.
51-F-23(Ord), Spec. YTT.-T-,'?F70 anti Spec, AM-O-9 fluids.

WADC TR 55-30 Pt 3 - 283 -



-i.- s• I ! •, • ! - .- -" - .. .

Appendix A

For exwople, at 3,000 p.s..- and lO0F., it can be seen fr.= Figure 8
that toe ratio of the density at this pressure and temperature to the
denstty at atmospheric pressure an-d 10&-F. temperature is approximately

When this value is multiplied by 0.S27 wihich is the fluid's
lensity at atmospheric pressure and 100'F., a value of 0.838 is obtained
for the + ,nslty of the fluil at 3,103 p.s.i. and l009F. I

The effect of pressure on the viscosity of u typicall Spec.

M 1,--5-5-6t !nydraulic Jluid has been calculated from data ob.ained from

fluidsý c scelaso. Zs Th.,ss are ehoen or- Figarz-----
wiscoeitt is plotted a, %inst absolute pressure in pounds per squar
inch. At a temperature of IC0*F. and a pressure or 3,0 p.s.x., it can
be seen that Epec. MIL-0-5606 hydraulic fluid increases in viscosity

* from approximately 14.2 (at 1 atmosphere pressure) to 21 centistokes.
This represents an increase of 48 per cent. The rate of change in I
viscosity with pressure increases with decreasing temperature. At
-40'F., the viscosity increase is 83 per cent for a pressure increase
from one atmosphere to 3,000 p.s.i. The corresp-ndirg value for 200"F.

is 36 per cent increase in viscosity.

The bulk modulus of elasticity has been cilculated for Spec.
MIL-0-5606 type hydraulic fluids. The bulk modulus of elasticity of a
fluid is the rciprocal of the compressibility and can be defined by
the equation:

Stress . (P - PO) V ,
Strai-n (VO - V)

B = Bulk modulus of elasticity
Po - Atmospheric pressure
P - Absolute pressure i,+
Vo = Specific volume at Po
V - Specific volum-e at P

Bulk modulus data for Spec. MILI0-5606 fluid are calculated
from the compressibility data presented in Figure 10. These data are

tabulated in Table 15.

Table 15

BulK MODUFLUS VALUES FOR SPEC. MIL-0-5606 FLUID

All values calculated for 100"F.

Average Bulk
Pressure, Sp. Vol. Modulus

Test Fluid n.s.i. cz.3/gm. p.s.i. x !C-5

Spec. MIL-O-5606
(14.2 cs. at 100IF.) 0 1.9 -2D

1,000 1.203 2.2
3,000 1.193 2.4
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If the limits of error in reporting density to three deczimal
places arc considered to be *_ 0.001, the resultant error in bulk modulus
4s +± 0.2 x 105 p.s.i. The compressibility of many mineral oils have
tLeen studied bY Dow and Fink in this Laboratory. Their conclusion is
trat the compressibility (and the bulk modulus, of essentially all
pev rolem derived mineral oils is the same within the limits of experl-
men-'al error. The value for bulk modulus is net altered significantly
by 1iijs Acry!JM.1 thickener used in formulating Spec. 1IL-0-5606 typo

The temperature function of bulk modulus has been determined
for a typical Spec. MlI-O-5606 fluid. These data are shown on Figure 10,
along with the effect of temperature on density. The solid line on the
bulk modulus curve is for the average value over the range of 0 to 10,000
p.s.i. pressure. The dotted line is an extrapolated curve for the average
value of 0 to 5.000 D.s.i. pressure.

The values for change in density with temperature shown on
Figure 10 have beeh used to calculate the average cubical coefficient
of expansion for the range of +1300 to -100F. The average values ob-
tained are 7.9 x 10-4 cc-./cc./*C. or 4.4 x 10-4 cc./cc./oF.

Data for specific heat avd thermal conductivity of Spec.
MIL-0-5606 type fluids are shown on Table 16. No appreciable differ-
ences in these values would be expected due to batch to batch varia-
tions.

Table 16

PHYSICAL PROPERTIES FOR SPEC. MIL-O-56"6 FLUID

Specific Thermal Conductivity,

Temperature, Density, Heat B.T U./Sq. Ft./Hr./
"F. g./ml. B.T.U./lb./':. . 'F. per Ft.)

Data for Typical Spec. MIL-O-5606
Mineral Oil Hydraulic Fluid

-65 0.89 - -
0 0.86 0.45 0.081

100 0.83 0.50 0.079
200 0.79 0.55 0.076
30C 0.75 0.60 0.0 74

Conclusions. The high temperature studies with Spec. MIL-0-5606
hydraulic fluid indicate that one of the limitations to high temperature
operation is fluid volatility. The bulk base stock component of the fluid
exhibits an initial boiling point of about 5000F. at 760 am. Hg. Extensive
evaporation of the base stock results in the formation of tacky or sticky

* Dow, R. B. and Fink, C. E., Journal of Applied Physics. ii 353 (1940).

IWADC TR 55-30 Pt 3 -285



Appenadix A

71

E-1-

U I I
~~~Cq

14 14 16 It44

CO,--s- a~3~I 4vSM

WAD TR 553 t e



Appendix A

Figure 9
EFFECT OF PRESSURE ON THE VISCOSITY OF A TYPICAL

SPECIFICATION MIL-O-5606 TYPE FLUID

Data based on Spec.. AN-VV1-O-366b Fluid Prepared by the
Stanlard Oil Company of New Jersey, WS-491 (PRL 1912)
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Figurn 10
VARIATION OF BULK MODWLUS OF ELASTICITY AND DENSITY WITH

I.24PERATVPE FOR A SPEC. MYI,)-5606 HYDRAULIC FLUID

TEST FLOW~ IS A COMKRCIAL SPEC. HIti.-0-5C6 WTSRAIIC FLUID F~iF;AEZS BY "M STAEAUS 0IIL CO. OF N.J.
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filmas when Spec. MIL--%606 fluid is exposed to reasonably high tempera-
tures (2003F. and upwards) in a thDn film for extended periods of time

ihberm exnosed to circulating air. 3
This problem of tacky film formation can, be solved Iv: (!)I |cha.des in the .cohanical design of hydraulic systems to redurp the

amoust of air i. contact with oil films, and (2, the inclusion of afl s
t
fective anti-tack component such as di-2-ethylhe

Te-ts " .Jiate that Spec. tIL-0-5GO6 fluid has sufficient 3
viscosity and lubricity at 400& to 500'?. to operate satisfactorily
in properly designed high temperature hydraulic pumps. Such data
are based on the operation of a standa.-d Vickers piston pump at 200-.

-h i on fluids with viscosity acz lubricity properties at 200?F. that

match those tf Spec. MfILr-5606 fluid at 400 to O0°F. These data
further indicate that fluid volatility will be the limiting factor in
high temperature pomp operation.

SAll of the components as well as the finished Spec. MIL-0-5606
fluid show adequate therma-. stability at 500°F. for extended periods.
The conventional oxidation stability, or the length of time the fluid
is i•hibittd against oxidation, for a Spec. MIL-0-5606 fluid decreases

rapidly with increasing temperature. Stabla life values for a typical
fluid decrease from about 3,000 hours at 2)00P., to 200 hours at 275°F.,
and to 10 to 15 hours at 347"F. There is essentially no induction

period above .00?F. Test d&.- indicate that the Spec. MIL-0-5606
fluid can be used for consicerable lengths of time in the region of
347' to 500*F. if care is taken to control or to limit the amount of
air or oxygen filtering into the hydraulic system (see Tables 12 and 13).
A reasonable amount of oxygen can be assimilated by the hydraulic fluid
without causing sufficient property changes to render the fluid imopera-
tive. The extent of serýice life might effectively be increased for
operations above 200?F. by the use of a closed hydraulic system pressur-
ized by nitrogen or separated from the pressurizing medium by a diaphragm.

N appreciable mtlcorsnhabennoted inoxidation and

corrosion tests with Spec. MIL-0-5606 fluids over the temperature range
of 250" to 500"F. wider conditions of incipiert oxidation of the fluid.

The reduction in the stable life of Spec. H41-,C-5606 type
hydraulic fluid by the presence of silver, copper, and some copper
alloys is reawily dmonstrated. The extent of the reduction in stable
life is not believed to be sufficient, however, to exclude these metals
from hydraulic systems for this reason alone. The corrosion of cadmirs
plated surfaces by otherwise satisfactory ,ydraulic fluids sakes it
desirable to eliminate wherever possible the use of cadmium plated
surfaces in hydraulic systems. Tha use of nagnesium in hydraulic systems
containing hot -ots or bulk temperatures in excess of 250PF. is notS~recommended w~here liquid water and/or oxidized ydraulic fluid may

exist or be formed at an appreciable rate.
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Several physical properties of Spec. MIh-0-5606 including:
viscosity as a function of pressure, density as a fun.ction of presswre,
density as a function of temperature, the bulk mo-dulus as a function -

Sof temerature, apectflc Ieat, thermal conductivity, and the cubical
coefficient of expansion have been measured and/or calculated. These -

properzies are given primarily as an aid in er•n•ineering and design
calculat. ons.

i geneza! these stiflies show that temperw~ures up zo 5001F.

can bý .-ti~rwd by s.pec. )tr-0-56t0 fluid under a varlet• uf conditiJ: 0.

The fo'ualation of op Afic limitations will require testing in actual
hydraaulic systems with the individual hydraulic system components. I

i5

WA5e 7R55-30 Pt 3 -2%O- "

_-- --



II ~APPIEN I x B

WADC TR 55-30 PT 3

PETROLEUM REFINING

LABORATORYIi

PROGRESS REPORT

FOR THE PCRIOD

1 OCTOBER 1953 THROUGH 31 JANUARY 1954i

ON THE

DEVELOPMENT OF A THIN rILM PRESERVATIVE
COMPOSITION FOR HYDRAULIC SYSTEMS

TO THE

NAVY BUREAU OF ORDNANCE

COPTRACT No. AF3'(038)18195

REPORT No. PRL 7.1-JAN54

DATE 6 FEBRUARY 1954

THE PENNSYLVANIA STATE UNTVE ITY

Coege of Chem istry and /9hysics
STATE COLLEGE. PENNSYLVANIA



APPENDIX 8SwADC TR. 55-10 PT 3

PETROLEUM REFINING LABORATORY

MERRELL R. FEWSKE, DIRECTuR

COLLEGE Or CHEMISTRY AND PHYSICS
THE PENNSYLVANIA STATE UNIVERSITY

STATE COLLEGE, DENSYLVANIA

PROGRESS REPORT

FON THE PERIOD

I OCTOBER 1953 THROUGH 31 JANUARY 1954

ON THE

DEVELOPMENT OF A THIN FILM -RESERVATIVE

COMPOSITION FOR HYDRAULIC SYSTEMS

TO THE

NAVY BUREAU OF ORDNANCE

CONTRACT No. AF33(038)1MA93

REPORT NO. FRL -

6 FEBRUARY 1954



Appendix 6

PR0GRESS RKPORT
FOR THE PERIOD

I OCTOBER 1953 THROUGH 31 JANUARY 1954

]Introducton. The Navy Bureau of Ordnance requested this
Le,;rutotQ-j to investigete preservative compounds of the Specification

MIL-(;-972 type. Currently approved products that are used as proteutAive
co:..%r.as con-t "tc, j-" many erases, undesir&'le contivmirants for Nay
hyraulic fluid:,. The development of a preserv&tive compound which is
so..uble in Navy tldraulic fluid, and by its presence doee not cause a
significant decrease in hydraulic fludd quality, is desired.

The study of the preservative characteristics of a thin film
of oil on steel is carried out in a humidity cabinet to simulate
accelerated rusting conditions. This testing phase of this study has
been delayed by the delivery schedule of the humidity cabinet and control
equipment. This equipment arrived and was installed in this Laboratory
in October 1953.

Tel& Zui=2ent. The humidity cabinet used for conducting the
accelerated rusting tests consists of an Aminco Aire 160 control unit to
supply conditioned air. This control unit allows accurate control of the
temperature and humidity of tte air supplied by the u-'it. The unit for
condtk-iJr-g the air compriues three chambers: an air inlet chamber, the
spray c hAmber, and an air out) 't chamber. The temperature and humidity
are co,,Lrolled by a refrigerauo' unit, electrical heaters in the air space,
electrical heaters in the water reservoir, and a water pump which sprays
water as a mist into the air stream. Using the controls available, con-
ditioned air can be supplied for any value of temperature and htuAidity
above the minimum operating line shown on Figure 1. It can be seen that
the humidity range increases with increas..r. temperature, and ranges from
80 to .100 per cent relative humidity at 400F. to 10 to 100 per cent
relative humidity at 160*F.

The test chamber used in this case ls an Aminco, 8 cubic foot
cabinet, designed to mount directly on top of tho Aminco Aire 160 unit.
The humidity is measured in the test cabinet by neanrs of a recordzig wet
and dry bulb thermometer. The conditioned air is circulated Lhrough the
test chamber by means of a blower fan and the rate of circulation is
controlled by a manually operated damper.

ThA Aminco Aire 160 conditioner and tezt cabinet have bean
in operation for over two months. Operation haa been satisfactory.
Except for a few brief exploratory tests, the cabinet has been run
continuously at 1200F. and 100 per cent relative humidity with conden-
sation on the steel test specimens and cabinet walls.

Preliminary Studies. Preliminary tests of three general
types have been conducted in the exploratory stages of this program.
(i) The thickness and physical characteristics of the plasticized
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polymer films proposed for use an this study were surveyed. (2) The
"severity of the hun•idity cabinet test apparatus was evaluated with a
series of fluids comprising mineral oil fnutiu:ns, hydraulic fluids
'iithort rust. preventives, hyd.aulic flu.d. of the Spec. 5!-7-21 type
with m id turbine oil type rust preventives, and the Spec. MILX O85A

h,_iditj cabinet type pressrvurative instrument oil. (3) An investiga-',n ~tion was made of q~umni~tativc rw~thods for e*,,al-.-tL,-g the ex,.ent of "

' rasting of the test specimens in the humidity cabanet as a supplement
to to1-3 >-jrj ohuer~ation.3

Evaluation Z Plasticized Acryloid Polymer. Toe study of
film thickness and tackiness has been conducted so far with plasticized
Acry'oid polymers. That is, the final film on a solvent-free basis con-
sists of Acrylold containing as a thinner, or plasticizing agent, from 3)
to 50 weight per cent of a relatively non-volatile ester.

Acryloid-ester films have been chosen for study on the basis
.' compatibility with the hydrocarbon type of hycdraulic fluids as well TI
as the good low temperature properties of the Acryloid and ester com-
ponents. Acryloid films plasticized with mineral oil fractions in the
heavy neutral and bright stock range will also be included. if these
stu-dies show sufficient promise for a viscous thin film preservative as
compared to the present solid or waxy thin film preservative, develop- J
.. ent work on a polyibutene L plasticilecd %ith hydrocarbon oils will
be conducted to parallel the work with the Acryloid-ester composition. 1

t:ile the present .Navy Lrraulic oils, n--e-ly Spec. 51-F-21
and Spec. 51-F-23, are hydrocarbon compositions, there are some ester
type hydraulic fluids in use. Acryloid-ester films can be redissolved
by either hydrocarbons or esters, with•o•ut •pairi"g any of the proper-I
ties of these fluids. Accordingly, this type of preservative film can
be removed by the simple expedient of circulating the operational
hydraulic fluid or lubricant through the system.

The ester-plasticizcd Acryloid film, for the same viscosity, i
can be for-ulated to have a lower vapor pressure than hydrocarbon-
Acryloid films, thereby reducing the less of the film by evaporation.

The fmnall fil-m will also contain on the order uZ 2 tz 5 weight
per cent of a humidity cabinet type rust preventive together wito a =mal5
amount of an antioxidont. Tis latter additive would prevent the film
free oxidizing to a degree that it was no lorger soluble in the hydraulic c
oil when the equipment was activated.

There are a variety of Acryloids available ana types can be
selected to have good film forming and adhesive properties on metals and
a high viscosity to prevent excessive drainage of the film from vertical
s,urfaces. Acryloid is also a constitient of Spec. 51-F-21 and some Seec.

51-F-23 rhdrauli: fluids and is, in general, com;ngot"iz th r.ir•cral oil
lubricants. In addition, Acrylola shows good oxidation stability when
protected with coon anti-oxidants or oxidation irhibi•ors.
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Acyloid •ype, as well as Acryloid molecular weight, can be
varied. An Acryloid type that produces a hard "label lacquer" type of
finish has been evaluated. This material is only sparingly soluble in
m.nerai oil ,Zdraullc fluids and lubricants. Further investigations
have been confined to the Acryloid HF type, which is conventionally
iscsd in thi ckening mineral oil and ester-base hydraulic fl,.dds and
lubricants.

Tacit! 'ess of the film has been evaluated with a touch test.
±L r .;uuld be sizd thaL some degree of tackiness or stickine•s will
b-; encountered w:.h Acryloid and other polymer films kV.I. improver types).
it is believed that tackiness as such is secondary to the ease of re-dis-
solving the film in the hydraulic fluid and lubic.cant, •--.d to obtAining
an adequate film thickaiess.

Qualitative studies indicate that decreasing the relative
molecular weight of the Acryloid will decrease the resultant tackiness
of the film. Similarly, these studies shcw that for a given Acry"Oid
molecular weight, increasing the concentration of a relatively non-
volatile plasticizer component it. the form of an ester reduces film
tackiness.

It has been found that Acryloid HF 25 plasticized with 30 to
50 weight, per cent of di-2-etbylhexl sebacate results in a relatively
non-tacky film. Compositions in this range have, lierefore, been studied
further in terms of film thickness and as a base for rust inhibitors.

A petroleum naphtha of 1009F. flash point has been used as a
solvent for the Acryloid ester compositions. This naphtha is a .3traight
run or virgin naphtha fraction with a boiling range of 2?50 to 3366F.
and a viscosity at 1000F. of 0.77 centistokes.

Preparation of Test. Specimens. The metal test specimens used
in the film thickness and rusting work are either Armco iron or SAE
1010 steel, 16 gage sheet, stock, 2 inches wide by 3 inches long. The
specimens are rough polished with a disc sander using first 60 grit then
100 grit Behr Manning Speed Wet Metalite Durabonded discs. The final
pol lhing is done by means of a motor driven vibrator (Black and Decker
No. 44 sander) using first 1/2 then ,/0 Emery cloth. This polishing
procedure is used for all of the test specimens for rusting and film
thickness studies. The final polishing with the 3/0 ZMery cloth is
done immediately before use of the specimen. Rough polished strips are
stored under Spec. 51-F-21 rust preventive hydraulic oil.

The stripe, after the final polish, are washed successively
in a good grade of thiophene-free benzene and diethyl ether, and immedi-

. ately upon drying are immersed in the test fluid. The weight of the
test strip is determined while immersed in a special weighing bucket
filled with test fluid.

Film Thickness Studies. Some studies have been conducted on
film thickness as a function of solvent concentration, Acrylold HF 25-
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..cer raL:o in tne non-volatxle component, a:4 temperature. To detec'•-ne I
the film thickness, the test speesmen is first weighed as described above.
The test specimen is allowed to soak in tue fluid for 15 minutes. The i f.
history of the test specimes following the soak period is given in the
attachee table and Figures. In all cases where a film thickness is
recorded the test procedure includes wiping any excess fluid dr-a•iagec
off of thi bottom edge with a clean Lactte scraser. That is, the film
thickness represents essentially a uniform fil3, and the bead of fluid
that ccl .ets on th. -ottom edge? of the specimen during *3PS1I-'•E i'- -tL""nclud-t`. . deter-mi_: g this value.

The effect of volatile solvent concentration on film thickness
is shown on Figure 2. These data were taken after 24 nours drainage at
room temperature using as the non-volatile component a solution of 50
weight per cent Acryloid HF 25 in di-2-ethylhexyl sebacate. It can be
seen that the film thickness increases with deereacirg solvent concen-
tration. The film thickness in this series of tests is probably related
to the viscosity of the fluid containing the solvent and the rate of
cc.lvent evaporation. For a given solvent concentration, film thickness j.

would be increased if the rate of solvent evraporation were increased- by•

forced air circulation. For comparison, Thctyl grade 2 gives a film
thickness of 0.0012 (12 x 10-4) inches, and Teetyl clear amber a film I
thickness of 0.0001 (1 x i0- 4

) inches u-nder the sa-me Lest conditions
The leetyl films, in general, are caxy or solid films while the Acryloid
HF 25-di-2-ethy.hexyl sebacate films are very viscous liquids. 1I

The viscesity properties u, these films are known, and compost-
tions of this general type have been used as damping fluids. The vis-
cosity properies of the Acryloid WF 25-di-2-ethylheay! sebacate blends I
(solvent-free) are shown as a function of temperature on Figure 3, and as
a function nf Acryloid HF 25 concentration on Figure 4. The techniques
used in measuring these high viscosity values are described in detail
in report PRL 3.46-Aprk9 entitled V'ISOUS DAMPING "-UIDS.

The effect or Acryloid HF 25 concentration in the non-volaile

component on film thickness is shown on Figure 5. Thnese data are shown
after draining at room temperature and also after drainage at -'13F.
They indicate that there is little additional drainage for an increase
in temperature of the test specimen from room temperature (700 to 80"F.) J T
to 110F. There is an inc-ease in film thickness with increasing Acryloid
HF 25 concentration. This is the trend anticipated on the basis o fluidviscosity. Ijl

The "eries of tests shoun on Figure 6 have been carried out to
determine the level at which the film thickness will, be stabilized. The
strios were anitially allowed to drain and evaporate for 30 minutes at f
room '-a- -n. ,", to permit the oulk of the naphtha to evaporate. The
film thickness ýas aecermined on one strip at this point. This is the
value shxwn for zero dr•inage tine on Figure 6. The remaining eight
specimens iere placed in a convection oven at 1101F. Periodically, a
strip was rcm7ved and the film thickness deterdmned. Before each weighing
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the excess flwid, which had drained to the bottom edge of the strip, was
removed. These data indicated that a fairly stable film thickness is
established after about 3 hours under these conditions.

These data show that films of a thif-Irness comparable to
ciunercial Spec. MIL-C-972 prnaucts can be achieved with an ester plasti--
cized film.

PR•;bility nf Preservative Fluid, The 7-ab ye film con-
.. iered here as being designed particularly for hydraulic and lubricant
systems. One consideration in such applications would Le the pumpability
of the preserv-ati'e compound throuih the lubricant cr hydraulic system.
Some thought has been given to this matter. The viscosity range of thepr- rratv• ....• conridercd thus far are well within the vis-
cosity range of conventional lubricants. The viscosity properties of two
compositions typical of thoso discussed are tabulated below.

Preservative Fluid Composition, Wt.% Centistoke
Petroleum Naphtha Di-2-Ethyl- Viscosity
Solvent Acr-loid HF 25 he!ij Se~bacate at 1000F.

50 25 25 27
50 40 1.0 73

Spec. 51-F-21 Hydraulic Fluid 28
Spec. 51-F-23 Hydraulic Fluid 41

This Laboratory has conducted hydrauLlc pump tests using fluids
containing bulk constituents of high volatility to determine the effect of
high volatility on pump wear. These tests were conducted with a "mock up"
hydraulic system using a Pesco model 349 gear pump, The test fluids con-
sisted of a Spec. 51-F-21 type hydraulic fluid to whicn 30 weight per cent
of hexane was added in one case, and 30 weight per cent, isooctane was
added in the other case. Isooctane has a normal boiling point of 2116F.;
that of hexane is 1376F. Pump tests at 1006F. under severe conditions gave
tolerable wear values and no operational problem. in 100 hours of testing.
Tests with the isooctane fluid were conducted at 180*F. and with the hexane
fluid at 1300F. for 100 hours tnder severe pressure conditions without
failure. Th~se tests are described in detail in report PRL 3.35-May47
entitled A SUWMARY OF THE WEAR AND LUBRICATION PROPERTIES OF h"MDRAULC
FLUIDS AS DEM41NED Ih THE PESCO MODEL 349 GEAR PUMP AND THE SHELL FOUR-
BALL WEAR TESTER. Thus, it would appear that a preservative fluid com-
prising a blend of Acryloid HW 25 in di-2-etbylhexyl sebacate with petro-
leum naphtha as a diluent can be prepared to have the desired viscosity
range for hydraulic system operation. In addition, it should be operable
as a fluid and lubricant for short periods of time under light loads with-
out injury to the pump and o'ther critical becrings in the systems.

Rust Tests Conducted in the Aminco Air2 Humid;ity Cabinet. The
Aminco Airs humidity cabinet described previously in this report has been
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op-. .. ýcd at 100 pr-r cent relative humidity with condensation on the uteel
specimens and on the mabinet walls for this series of rusting tests.
check on the severity of the cabinet, a series of test fluids

.-epz •senting varying degrees of rust protection have been evaluated.
Specimens of SAE 1010 steel and cold rol_!I Armco iron, polished in the
marn•ez described previously, have been u.-!! 1' iLese tests.

The results of these rust tests are shown on Table 1. Spec.
O ,. 3and PRL 3161 (a Spec. MIL-L-7808 type synthetic ester-base

lubr•_;r,-.L) do not --.,tain rust preventives. Spec. 51-F-21 and 51-F-23
hydratlLc oils cont .i a .-ild turbine oil type of rust preve.tive.
PRL 3313 is a synthetic ester type of gear lubricant. It contains
0.5 weight per cenL of Ortholeum 162, which is a commercial alkyl acid
phosphate lubricity additiva. The Ortholeum 162 apparently provides the
rust protection in this fluid.

1.e remainder of the fluids listed are mineral oils or esters
compounded to contain a humidity cabinet type of rust preventive. The
rust preventive in all of these fluids is believed to be of the sulfonate
class. The intervals during which rist wan noted have some apparent lapses
in observation times. These time intervals, in most cases, occurred dur-
ing week-ends. The largest interval occurred over the Christmas period.

Several trends are evident from the data on Table 1. The use
of mild i,-t inhibitors of the type employed in Spec. 51-F-21, Spec.
51-F-23, and in turbine oils are not effective in a humidity cabinet type
of ruRt. test. There is essential_. no diffcrentiation between Spec. 51-F-21

with a mild rust preventive and Spec. MIL-O-5606 with no 1ast preventive.
The fluids containing sulfonates as the rust preventives show large
improvements in rust protection in this test.

The rust protection afforded by the Spec. MIL-O-6085A require-
ments under the humidity cabinet rusting procedure is of the order of 4
days to a week. The rust protection obtained, as shown on TabLe 1, is
much greater than the minimum listed in the specification. This maW
id,•ndato Lhat the test conditions in the PFL humidity cabinet may be
milder than in some other humidity cabinet tests. Attempts should be
made to correlate interlaboratory test severity with several reference
fluids.

Current work shows ruv-t preventives capable of tolerating the
humidity cabinet conditions can be readily distinguished from mild rust
preventives, or no rust preventive at all. A further distinguishing
characteristic betwecn a gond rust preventive oil, and an oil with little
or no rust preventive characteristics, is the amount of rusting noted for
a comparable time interval after the first ranting is discerned. Rusting
if the specimen with a non-additive oil is quite rapid and widespread.
Rusting of the specimen with a humidity cabinet rust preventive Is very
slow by comparison with the non-additive oil. As indicated in the data
on Table 1, e single rus.t spot in the significant area may be the only
sign of ru3t for several hundred hours of test time. This points up the
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,value of a quantitative measure of rusting. Some work along these lines
will be di.qrt':,!d in 3 subsequent paragraph of this report.

The synthetic gear lubricant, PRL 3313, evaluated in the humid-
iLT cabi.et sthows good rst protection. The PM 3313 composition contaipis
orLy 0.5 weight per cent of a commercial acid phosphate (Ortholuem 162)
in Lddition to the constitu~its of the synthetic lubricant designated
PT; 1161. PnL 3161 does not show good humidity cabinet rust protection.

It htp., been noted that acid phosphates and acid phosphites have
been studied as corrosion preventives by the Armour Research institute
under an Air Force Contract. In general, the acid phosphates and phos-
phites were rated as relatively ineffective rust preventives. This
Laboratory has, therefore, "tudied the rust protection of synthetic
ester-base lubricants containin alkyl acid phosphates and alkyl acid
phosphites. Soee of the test results from this survey are shown on
Table 2. It is apparent from these data that freshly prepared ester
blends containing acid phosphates and acid phosphites are not. effective
rust preventives in the umaidity cabinet tests.

The blends containing the acid phosphates and acid phosphites
al show increases in neutralization number on storage at roem temperature.
The original PRT, 3313 formulation that showed good humidIty cabinet rust
protection, was a smple ihich had been stored for about a year, and had
incurred during this storage a neutralization number increase of about 5
mg. KOH per gram of fluid. Saveral blends containing alkyl acid phosphites
were evaluated after storage arn, found to be good rust preventives in the
humidity cabinet test. It can be noted, however, that the effectiveness
as a ru.aL praventflv6 a Wzarz to be a function of neutralization number
increase rather than storage time. Thus, sample3 containing secondary
alkyl acid phosphites, which show good neutralization number stability on
storage, are ineffective as rust preventives after storage.

It has been found in simple hydrolysis tests that alkyl acid
phosphates and, to a lesser extent alkyl acid phosphites, can act as a
catalyst to hydrolyze the ester linkages of the ester base stock to make
an acidic component.

Perfluorobutyric acid is an additive which has the same general
effect on the hydrolysis of an ester, but does not involve the presence
of phosphorus in the additive molecule. It can be seem on Table 2 that
the blend containing 1.0 weight per cent perfluorobutyric acid behaves
the same -. W-_y as the blends containing the acid phosphates and acid phos-
phites. That is, a fresh blend has essentially no rust preventive proper-
ties while a stored smzple, which has an increased neutralization number,
does exhibit good rust p.'evontive properties in the humidity cabinet rust
test.

Thus, it appears that the effective rust preventive is a soluble
acidic material formed from the ester base stock itself. This is not
unreasonable since compounds like lauryl acid maleate have long been known
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to be ru'st preventives. and certain dibasic acids are excellent metal de-
activators and metal coaters 4n oxidation and corrosion studies. The
effect of thL acidic ccmponez i.n the stored samples as well as its
ider.-ity deserves more stu.ky. The preservative films being studied for
appi1oation to hydraulic and lubricant systcea cont&in the same ester
ard Ac.yloid at th!ý syn..hetic r lubricants on Table 2.

PrlimL~ay Tests with Acr oid-Ester Films. Rusting tests
have b., coinductmd -,n the aester-plasticized Acryloid fim-s %!ithc"ut
addiU'!. These dU.a are shown on Table 3. They indicate that in
Lhe huz;idity cabinet .est' there is ro appreciable protection from rust
by the Acryioid film %ItiauL additives.

Several tce3s on A'::'oloid films with sulfonate type rust
inhibitors are shown on Table 3 T.hese tests are still in progress.
ihe results of the piotection achieved by conventicral sulfonate type

.+ ....... .... 1... a -'asticized A,;zioid ri.Lm appsar promising.

Qunt~ittive Rust Test Studies. Some work has been done to
evaluate quantiTstively the amount of rum.ting obtained on the test strIp.
Studies of this type have been conducted previously by this Laboratory
in conjunction with a modified turbine oll rust test. These earlier
studies are given in report PEL 3.28-Jan47 entitled DEVYOPMET OF ANIMPROVED T•T FOR LVALUATING RUST ?iEVi'Mi CHARACTERISTICS OF FLUIDS,

LUBRICANTS, AND AD•lTIVE. Briefly, the q~zantitative procedure consists
of weighing the polished steel strin before the rust test, subjecting
the strip to rusting, pickling the ..,ted strip in an inhibited acid
solution to dissolve only the rust, and then reweighing the strip. The
amnc&L of rusting is determined by the difference in c -2cliuen or strip
weight as obtained from the two weighings.

The following is A br sf 4escr.tien of -a typi,!a! ret of test
conditions for pickling a specimen i aken from the humidity cabinet. The
specimen is immersed for 3-0 minutes in 180 ml. of the pickling solution
maintained at a temperature of 70" to 80*F. The picklirg aolution con-
tains phosphoric and hydrochloric acids with acridine as a pickling
inhibitor; it is ±J.5 normal with respect to phosphoric acid, 3.6 normal
with respect to hydrochloric acid, and 0.009 molar with respect to
acridine. The metal specimen is removed from the pickling solution,
wazhed with distilled water, and then with acetone, air dried, and
placed Immediately in a tared weigh.L-g container under a moineral oil to
prevent rusting of the active surface formed by the pickling. The
cleaned strip is then weighed. The difference in weight between this
final weighing and the weight of the polished strip before the rust
test is reported in terms of milligrams of weight loss per square centi-
meter of surface.

Results of pickling both unrusted strips and strips that have
been subjected t.r' the humidity cabinet rust test are shown on Table 4.
The weight loss from a freshly polished strip in the pickling procedure
has been determined to be between 0.10 to 0.15 mg. per sq. cm. for both
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i•he ..A.1.1 -tcel "'k Arc-co iron test specimens. On the basis of past
experience, values of 0.10 to 0.3c can be classed as light rusting, 0.30
to 0.60 as moderate r1i.ting, and alvc 0.60 n3 heavy rusting. In general,
thb quantitative value agrees with the visual otseration. 'Iiere are some
disnreywcies, particularly in the case of inhibited fluids. These di3-
crepan-ies between thc qcuantitative measurement and visual evaluation are
probab vd•ue to the difficulty in estimatix, v1-sually the depth of the
r",t anid corrosion. These quantitative rust determinations show promise

C.-ning better the degree of rusting.

!odlfl•k4 Turbine-Oil Rust Test. Some previoup work on a modified
turbine oil rust test may be of considerable interest in the current PRL
rust evaluations. These tests are de-scribed in Progress Reports issued
by this Laboratory under Contract NOrd '7958(B). Reports PRL 2.36-Jan49
and PRL 2.40-HeaY49 arte two such reports containing pertinent information.
Data are given on water leaching and water erosion in rusting tests con-
ducted in the presence of high concentrations of liquid water and small
quantities of preservative oil. These tests showed that some rust pre-
venlaess could be leached from the oil phase by liquid water and yet the
rusting of steel specimens placed in the water was prevented without being
in direct contact with oil.

Conclusions. The ester-plasticized Acryloid HF 25 film exhibits
dusirab].e properties for a thin film type of preservative. A satisfactory
film thickness can be achieved without undue film tackiness. The solubility
of additives in the ester-plasticized Acryloid film is also good. Vis-
cosities in the lubricant range tan be achieved by petroleum naphtha solu-
tions of the ester-plasticized AciJloid film. On the basis of data on
compositions having similar lubricity &cad volatility properties, the
petroleum naphtha solutions of ester-plasticized Acryloid should afford
adequate lubrication for short t"igae operation of hydraulic .and lubricant
systems under moderate loads and temperat'res.

The Aminco Aire 160 humidity cabinet is operating satisfactorily.
The severity of tests in this cabinet has not been evaluated, or calibrated,
on an interlaboratory basis. The unit appears capable of distinguishing
readily between no rust preventive and a good humidity cabinet type of
rust preventive.

The ester-plasticized Acryloid films are not, by themselves,
-dequate ruot preventives as Judged by these hwmidity cabinet tests.
However, the ester-plasticized Acryloid films show good susceptibility
to rust preventives.

The effect of alkyl acid phosphites and phosphates on stored
ester-baza conpositions indicate that an acidic product of tha ester is
an effective rust preventive. This behavior of the ester-plasticized
Acryloid films will be investigated.

The use of a pickling procedure to remove rust quantitatively,
without disturbing the unrusted surface, warrants further study. This
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quazlit~tiative measure of rusting emphasizes differences an the degree of
hat•ng that arc not adequately brought out by visual observation alcne. -j-

ah quar tltar.ive rust measeereent is ben decinedto"ompemet -e--

viulcbservea•or. and not as a replacement for it.
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Figure 2

EFFECT OF VOLATILE SOLVM T COONMTMATION ON FIlM '.HICYKss1

C-.2!TIO%': 2 A 3 INC? STEEL STRIPS ZZOAtED-f TEST 7 022 15 MIX.TES W2
ALIOyO TO ORAIR AT O004 I•PfERATMT FOR 24 HOURS.

%-,Y1LtTILE FIl- - 50 1114. A.RYLOID HIF-25 IN OI-2-.THYLKEXYL S22AIf

"?ES FLWD - l PER CETO 0% 4,SATILE FILM -h VOLATILE " SLI' -

I I I I I

* J-.6-1---1----i- i

"D 2

WMCR>.Ot ! --. I

;43 50 6L ?c

Per Cent Non-Volatile Film in Volatile Solvenpt
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Fioure 4
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Appendix B

Figure 5
EFFECT OF ACRYLOID HF-25 CONCENTRATION ON FIUL THICK•ESS

TEST CONDITIONS; 2 X 3 INCH STEEL STRIPS SOAKED IN TEST FLUID FOR 15 MINUTES;
ALLOWED TO DRAIN AT ROOM TEMPERATURE FOR 2.5 HOURS; AND
PLACED IN CONVECTION UV•T AT IiO0F. FOR 2 AODITIONAL HOURS.

NON-VOLATILE FILM AS INDICATED

TEST FLUID - 50 WT.% NON-VOLATILES IN VOLAIILE SOLVENT

o - AFTER 2.5 HaUfM DRAINAGE TIME AT ROOM TiMPERATURE
, ArTER 2 ACOITIOIAL iiHCJRS DRAINAGE TIME AT I1*F.

I V

50 I 7 s

:•1i-9------ A/---,/-

.. I I
i' ---- 4//-r

6•I /I'
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1. . 7 0 8

Per Cent Acryloid HF-25 in Non-Volatile Film
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Appendix B

S.... .. Fi -e
Figiar j.

EFFECT OF DPAINAGE TIME ON FILM THICKNESS

TE eT CONDITIONS -2 X - INCh 41EEL STRIPS SOAKEO lN TEST FLUID FOR 15 MINUTES;
ALLOWED TO DRAIN AT ROOA TEMPERATURE FOR 30 MINUTES; AND

PLACED i1 CONVECTION OVEN AT IIVOF. FOR TIME INDICATED.

AP-VOLATILE FILM , 50 VT.% ACRYLOID HF-25 IN DI-2-ETRYLIOEXYL SE3ACATE

TEST ID %J10 VT.% NON-VOLATILES IN YO'.ATILE SOLVENT

I~J4 1 _ I
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--

i /•..-• -- - -- - -- - -- ,

S2 3 4 5 6 7
Drainage Time at 11OF., Hours
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